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1. INTRODUCTION

Two major distinct problems are investigated in this report

which are introduced as follows:

1.1 EFFECT OF INITIAL TANGENTIAL VELOCITY DISTRIBUTION ON THE MEAN

EVOLUTION OF A SWIRLING TURBULENT FREE JET

Turbulent jets with swirl exhibit distinctive characteristics
absent in their nonrotating counterparts. A subsonic swirl-free
jet, for example, experiences theoretically no static pressure
gradient in the axial or radial direction. Hence, in this case, the
mechanism for jet spread is dominated by the turbulent mixing at the
interface between the jet and the ambient fluid. A turbulent jet
with strong swirl, on the other hand, is primarily driven in the
near field (x/D < 5) by the static pressure gradients in both axial
and radial direction, i.e. mainly an inviscid phenomenon. Turbulent
mixing then becomes a dominant factor only when the strong pressure
gradients are weakened through rapid initial jet spread (i.e. a jet
in near pressure equilibrium). The occurrence of flow reversal in
the jet, or what is known as vortex breakdown, is a fascinating
phenomenon observed in high-intensity swirling flows, which we will
briefly discuss in this report. The absence of a potential core, by
definition, in a swirling jet is another feature which distinguishes
the rotating from the nonrotating jets.

The nondimensional parameter describing the integrated swirl

strength in a jet is the swirl number S, and is defined as




S = ce/ch (1)
® 2
where Ge = 2r [ pUWr“dr; jet torque, (2)
0
GX z 27 f [pU2 + (p - pw)]rdr; jet axial thrust, (3)
o

and R is the nozzle exit radius. The inclusion of the turbulent
shear and normal stresses, p u w and p ;El in the integrands of the
jet torque and thrust expressions, i.e. Equations (2) and {(3),
respectively, provide for total jet thrust and torque as described
in Reference [l]. However, our swirl number definition excludes
Reynolds stresses. By definition, the swirl number is an integrated
quantity; hence, it is possible to generate swirling jets with
different initial tangential velocity profiles ranging from solid
body rotation [i.e. Wo(r) = cer] to near free-vortex flow [i.e.
Wo(r) » ¢/r) with constant "S." Moreover, as the static pressure
field is coupled to the tangential velocity distribution, through
the momentum equations, and dominates the swirling jet evolution in
the near field, vastly different mean jet behavior (e.ge. mean
centerline velocity decay) should be observable in swirling jets
with constant "S." Chigier and Beer [l] and Pratt and Keffer [2],
among others, have acknowledged the above problem and claimed that
the method by which the swirl is generated, meaning initial velocity
distribution, would affect the evolution of swirling flows. They
reached the conclusion that "swirl number cannot be the sole

universal criterion of similarity for swirling jets unless the flows



are generated by geometrically similar swirl generators." There
have been some attempts in the past towards the study of effects of
initial axial velocity distributions in swirling jet evolution
[3,4]; but to our knowledge, this is the first comprehensive
experimental investigation of the effects of initial tangential

velocity distribution.

1.2 CONTROLLED EXCITATION OF A COLD TUBBULENT SWIRLING FREE JET

Controlled excitation of free shear flows has been under
extensive theoretical and experimental investigations over the past
decade. This technique has been vastly used to study flow
instabilities, large~scale coherent structures, and flow control.
Among the flows mainly studied are axisymmetric jets and boundary
layers. Acoustic drivers as well as mechanical devices and heat
strips have been used as a means of excitation [5].

It is already understood that acoustic excitation at the

"right' Strouhal number (f + D/U) has significant effects on mixing
characteristics of jets, provided that the excitation amplitude is
beyond a certain minimum "threshold level." Acoustic excitation is
also found to significantly influence the flow separation over an
airfoil at some speci:ic Strouhal numbers [6, 7].

There has not been any experimental investigation of the effect
of excitation on swirling flows. As swirling flows are present in
many practical applications, the effect of controlled excitation, if

any, may improve the flow quality through devices such as



turbomachinery and jet engine diffusers, and over delta wings at

high angles of attack, etc.

1.3 PRESENT CONTRIBUTION

To conduct the swirling flow experiments, a unique swirl
generator was designed, built, and incorporated in an existing cold
jet facility at NASA-Lewis Research Center. The system is capable
of generating flows at a wide range of swirl numbers with
controllable initial tangential velocity distributions. Distinctly
different swirl velocity profiles, ranging from solid-body rotation
to a profile predominated by a free-vortex distribution, with
identical swirl numbers, were produced.

A five-hole pitot probe was designed and fabricated; and the
necessary instrumentation, controls, and software were developed for
mean flow measurements. Single, constant-temperature, hot-wire
anenometers, and microphones, were used to take limited turbulence
data and measure overall sound pressure levels, respectively, along
the jet centerline.

With the above capability, the effects of mean initial
tangential velocity distribution on the evolution of a free swirling.
jet is experimentally investigated. Two flows with identical
initial swirl numbers, Mach numbers, and mass flow rates but with
different initial swirl profiles are compared up to a distance of 12
nozzle diameters downstream of the nozzle exit. Major differences

are noticed in the behavior of these flows.



Another objective of the present investigation is to obtain a
basic understanding of the response of cold swirling turbulent free
jets to acoustic excitation. To our knowledge, this 1is the first
attempt to study the effect of excitation on a swirling jet. As a
first step, a free swirling turbulent jet with a swirl number of
0.35 is excited internally by plane acoustic waves; and the results
are compared with a similar jet without swirl. The mass flux is
kept constant in the two cases. Only experimental results are
presented in this report, and further studies are needed to

understand the mechanism of interaction.



2. LITERATURE REVIEW

From a large body of experimental and theoretical work on the
swirling turbulent flows and aerodynamic excitation of free shear
flows, only a few were selected for the purpose of review in this
report. The literature review which follows is divided into six
parts with some interdependence as follows:

a) Free swirling flows (experimental studies)

b) Confined swirling flows (experimental studies)

¢) Theoretical studies of swirling flows

d) Vortex breakdown

e) Aerodynamic excitation of free shear flows

f) Measurement techniques in swirling flows.

2.1 FREE SWIRLING FLOWS (EXPERIMENTAL STUDIES)

As might be expected, the evolution of a subsonic swirling
turbulent jet issuing from a nozzle into ambient fluid depends on
the method of swirl generation. This fact was acknowledged by
Chigier and Beer [l], and Pratt and Keffer [2], and others. The
design of swirl generators in practice today use the following
principles of swirl production:

a) Fixed or adjustable vanes

b) Axial-plus-tangential entry swirl generator

c) Spinning , fully developed pipe flow

d) Flow through a rotating perforated plate



References [8, 9] can be consulted on the details of various swirl
generator designs and their corresponding limitations and
efficiencies. Because of the experimental nature of this report,
the method of swirl generation and the measurement techniques used
in most references is emphasized.

Rose [10] was the first to present measurements in a free
swirling jet emerging from a rotating pipe into a reservoir of
motionless air. Because of the relatively low viscosity of air, it
was possible to generate only weak swirl by this method. The pipe
was 100 diameters long and was rotating at 9500 rpm. Near the pipe
discharge, the flow was roughly a fully developed turbulent pipe
flow in solid body rotation. Mean velocity and one component of
Reynolds normal stresses were measured using a single hot-wire
anenoneter. Flow direction measurements were made with a special x-
meter. He showed that compared to nonswirling jets, the jet with
swirl spreads at a larger angle, entrains reservoir fluid more
rapidly, and consequently displays a more rapid reduction of mean-—
velocity and growth of turbulence intensity.

Pratt and Keffer [2] generated a swirling jet, with swirl
number of 0.3, by air flow through a rotating pipe similar to that
of Rose [10). A pipe 47 diameters long was rotated at speeds of up
to 8700 rpm. A single constant-temperature hot-wire probe is used
for measurement of mean velocity and turbulent fluctuations. Static
pressure measurements are made with a special disk probe. Their

measurements show that the flow achieves self similarity for the



mean velocities rather quickly, while the normal turbulence
intensities reach a self-similar state after a longer period of jet
development. They also conclude that the method by which swirl is
generated would have an influence upon the flow, and the region
immediately downstream from the nozzle exit would be particularly
sensitive. They claim that only for geometrically similar swirl
generators, as well as comparable average swirl numbers, would a
high degree of equivalence be expected throughout the entire flow
fielde A similar idea was also addressed by Chigier and Beer [l1].
Pratt and Keffer also extended their study to a pair of swirling
jets having opposite rotation [11]. The double swirling jet was
produced by discharging air through a pair of rotating pipes similar
to Reference [2]. mean flow and turbulence intensities were
measured by multi-orientation of a single, normal constant-
temperature hot wire. This required that for every data point, the
wire be positioned in three mutually orthogonal planes. It was
concluded that the tangential component of the mean velocity decayed
rapidly in the streamwise direction. At a downstream station of
about 35 nozzle diameters, the resultant flow of the pair of
swirling jets had most of the characteristics of a single free jet
without swirl.

Chigier and Chervinsky [12, 13] have performed theoretical and
experimental studies of turbulent swirling jets issuing from a round
orifice. They used boundary layer approximations and assumptions of

similar profiles to integrate the equations of motion for



incompressible turbulent flows. Swirl was generated by an axial-
plus-tangential entry swirl generator, and mean flow data were taken
by means of a five-hole spherical impact tube. The similarity
assumption was experimentally demonstrated to hold in a swirling
jet, for weak and moderate swirls (S < 0.4), for x/D > 4. For
strongly swirling flows, where the mean axial velocity distribution
shows a central trough, or what is also known as a double hump
profile, the similarity was not observed until 10 diameters. For

x/D > 10, the location of the maximum mean axial velocity shifted

back to the jet centerline, from which point the similarity was
observeds The measured mean axial velocity and static pressure
profiles were described by Guassian error curves and the mean
tangential velocity profile was expressed in terms of third-order
polynomials. The empirical constants in the data-fit expressions of
Chigier and Chervinsky are functions of the degree of swirl in the
jet defined as

G =W /U (4)
mo mo

the ratio of maximuwm mean tangential-to—axial velocity at the nozzle
exit.

Kerr and Fraser [14] have studied swirling jets generated by
vane swirlers in a boiler furnace and in a model burner,
respectively. A probe made to the design of Hiett and Powell [15]
was used to measure mean velocity magnitude and direction. Thelr
system allowed direct measurement of nozzle torque and jet reaction

thrust. They found that the angular nomentum was conserved along



the length of the jet up to about 19 nozzle diameters and was equal
to the measured torque. By dimensional analysis they found that the
entrainment rate was a function of a dimensionless group
(torque/[thrust x nozzle diameter]) which is called the swirl
number. By assuming error curves to fit axial velocity profiles,
and half velocity radius to vary linearly with axial distance,
relationships giving decay of axial velocity and jet half angle
versus swirl number are obtained.

Design aspects of annular and hubless vane swirlers 1s studied
by Mathur and MacCallum [16]. They claim that tan¢ alone may be
taken as a measure of the degree of swirl for jets issuing from vane
swirlers (for hubless swirlers S = 2/3 tan¢ where ¢ is the vane
angle in degrees). They noticed that for vane angles of 45 degrees
and higher, the sub-—atmospheric pressure in the central zone of the
jet near the nozzle is strong enough to induce recirculation.

Static pressures were measured with a disk-type probe to the design
of Miller and Comings [17].

Measurements of stress tensor components in free isothermal
swirling jets have been made by some researchers [18-21]. Elsner
and Drobniak [18] concentrated on flows at low swirl numbers where
no recirculation could exist. They conclude that the greater the
swirl number, the higher 1is the overall level of turbulence
fluctuations at the nozzle exit, and the more intense 1is their decay
further downstream. Their results indicate that the presence of

swirl not only affects the mean evolution but also modifies the

10



turbulence structure of the swirling jet. It is concluded by them
that the average size of largest eddies is greater in the presence
of swirl but the difference decreases as the measuring station is
moved further downstream. It is also noticed that the influence of
swirl upon the turbulent microscale depends on the position of the
control plane. In the near field, the average size of the smallest
eddies decreases for higher swirl intensities while in the
downstream region this influence becomes quite opposite. In
general, they concluded that the presence of swirl intensifies the
energy transfer process in the near-field of the jet while in the
far-field region this influence becomes quite opposite.

Syred et al. [19] used single-wire, six-orientation, hot-wire
technique to measure mean velocity and all turbulent stress tensor
components in a very strongly swirling free isothermal jet and from
these values derived effective viscosity distributions. These

distributions show significant radial variations and considerable

anisotropy of turbulence. Local turbulence intensities are found to
be extremely high in and near the central recirculation zone.
Neither upstream nor downstream stagnation points could be found by
this method.

One of the latest measurements of mean velocity and turbulent
intensities in a free isothermal swirling jet is made by Sislian and
Cusworth [20]. Strong swirling motion, at a swirl number of 0.79,
was imparted to the axial flow by fixed, flat, guide vanes placed at

the nozzle exit. Three mean velocity and six turbulent stress

11



tensor components were neasured using laser Doppler velocimetry.
The location and extent of the recirculation region is

established. They noticed that inside the recirculation zone, the
fluid rotates as a rigid body. The normal Reynolds stress results
showed substantial deviations from isotropy. These stresses are
significantly larger than the Reynolds shear stresses, which clearly
shows the need to consider the three normal stresses in any
tarhulence nodels of such flows. The distributions of all Reynolds
stresses exhibit double peaks. These peaks are produced in regions
with high gradients of mean velocity, i.e. near the edge of
recirculation zone and at the edge of the jet flow boundary (shear)
layer.

Measurad values of mean velocity, all stress tensor components,
and probability density distributions of fluctuating velocity are
reported for isothermal turbulent coaxial jets, with and without
swirl, by Ribeiro and Whitelaw [21]. The jets were emerging into
stagnant surroundings from a long pipe and an annulus concentric
with the pipe. Swirl could be introduced into the annular flow by
tangential air slots. Measurements were made with a crossed hot-
wire probe. Since practical limitations of hot-wire anemometry
imply that the probe axis must coincide with the mean ftlow direction
1f a reasonable level of accuracy is to be achieved, the direction
of the flow was determined using a 45 slanting sensor hot-wire
prior co taking weasurements. Their results show that the

nonswiriing coaxial flow configurations approach a self-similar

12



state in a much smaller distance than that of the round jet. This
is due to the mixing layer and vortex shedding that occur in the
region downstream of the separation wall between the two streams.
In the presence of swirl, the coaxial jet is found to develop at a
faster rate. They concluded that the introduction of swirl was
responsible for a considerable increase in the jet mixing, ana the
process appeared to be dictated initially by the centrifugal forces
and gradually taken over by the increased turbulent mixing.
Measurements of the free swirling flows with combustion was
first taken by means of water-cooled nultihole pitot probes.
Chigier and Chervinsky [22] used a five—hole hemispherical water-
cooled pitot probe for studying a turbulent burning free jet. The
swirling jet was generated by an axial-plus—tangential entry swirl
generator identical to the one used in References [12] and [13].
Flames were stabilized at about four diameters downstream from the
burner exit, in the shape of an annular ring, and were unconfined
for a distance of 24 diameters. The measurements made in this
region, for three different swirl numbers, show that the decay of
axial and swirl velocities is slower in a flame than in cold
swirling jets. The normalized mean tangential velocity profiles are
in the form of a Rankine-type vortex and can be described by a
third-order polynomial. The normalized axial velocity profiles have
a similar form which can be shown in the form of error curves. The
maximum temperature is found to be in the main reaction zone and aot

on the jet axis.
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Many problems encountered in the use of water—cooled pressure
probes and hot-wire anemometry for measurements in complex turbulent
swirling flows with combustion and flame are overcome by the advent
of linear, nonintrusive technique of laser Doppler velocimetry (LDV)
[23-25]. Chigier and Dvorak [23] made an experimental study of
unconfined turbulent swirling jets under flame and no-flame
conditions. Swirl is generated by passing air through four
tangential slots. Axial and circumferential components of the nmean
veloclity as well as three normal turbulent stresses are measured,
using a laser anemometer with frequency shift. Substantial changes
in flow patterns are detected as a consequence of combustion by
direct comparison of velocity profiles under flame and no?flame
conditions. The kinetic energy of turbulence per unit mass under
flame conditions is higher than the corresponding cold conditions in
almost all regions of the flame.

Fujii et al. [24] were the first to measure three mean velocity
and all the six stress components in an unconfined swirling jet
under isothermal and combusting conditions using laser Doppler
velocimetry. Swirl was generated by passing compressed air through
a row of adjustable vanes. A drastic alteration of mean profiles
was recognized as a result of combustion.

Radial and tangential components of mean velocity are of the
same order of magnitude outside of the hot bubble, which implies
that the outward movement of the reacting flow is predominant. The

virtual origin moved upstream when combustion commenced, indicating

14



lesser spread of axial velocity in the reacting flow. Turbulence
levels are increased as a consequence of combustion, and the region
of anisotropy of turbulence is significant.

Claypole and Syred [25]) present some detailed results including
velocities (measured by laser Doppler anemonmetry), temperature, and
species concentration in swirling jets with and without combustion
and compare the aerodynanics of these flows. Swirl is induced by
passing air through eight tangential slots. Their isothermal
results are similar to other researchers' [1]; but once the
combustion is established in the recirculation zone, there appears
to be little correlation between isothermal flow and flow with
combustion. Although the recirculation zone is larger with
combustion, the recirculated mass flow is far lower (8% as opposed
to 30%), because the elevated temperatures produce considerable
reduction in density. The recirculation zone is shorter and wider
in the reacting flow than in the 1sothermal state. They also found

out that the effects of combustion on the flow increases with swirl
strength. Advances in all aspects of swirling flows with and
without combustion are extensively reviewed in References [26] and

[27].

2.2 CONFINED SWIRLING FLOWS (EXPERIMENTAL STUDIES)

The phenomenon of swirling flow in round and annular tubes has
been extensively studied in the past by a number of researchers.

One of the initial interests was the study of energy separation

15



effect of vortex flow obtained in the so-called vortex tube (Ranque-
Hilsch tube). This device was first patented by George Ranque in
1931 and introduced into the United States in 1945 [28]. 1t was a
simple device in which a particular type of vortex motion could be
studied. Aftérwards, with increased practical applications,
confined swirling flows were investigated in different
configurations. The studies of confined swirling flows may be
arbitrarily divided into two classifications [29]:

1. Swirling flows 1in large length-to-diameter ratio tubes
where circumferential wall effects interact strongly with
the swirling flow; and

2, Swirling flows in short, large—diameter chambers where
end-wall effects interact with the swirling flow to
produce strong secondary reverse flow (e.g. combustion).

The works reported in References [29-32] fall into the first
category. The phenomenon of swirling incompressible flow (water)
through a tube has been studied by King et al. [29]. Swirl is
introduced by injection of the total fluid stream through two
symmetric tangential inlets. Separate static and stagnation probes
which could be oriented into axial-tangential resultant flow vector
were designed (this was based on the assumption that the time
averaged radial velocity component was less than 1% of the axial and
tangential velocities. Dimensionless static pressure, axial
velocity, and tangential velocity profiles are obtained at different

stations along the pipe. The initial forced vortex decayed into a

16



free vortex further downstream, while the total vorticity was
decreased by friction. A region of reverse axial flow 1s noted in
the center of the tube, the radius of which decreases with
increasing downstream distance to zero. The turbulent Navier—-Stokes
equations are simplified to some extent by an order of magnitude
analysis using the profiles developed in this study. Even though
the simplified set is still indeterminate due to the presence of
shear stress terms.

In the investigation of Yajnik and Subbaiah [30], the effects
of variable initial swirl on turbulent pipe flow are examined. The
initial swirl produced by adjustable guide vanes is small and
amounts to a swirl number of less than 0.16; consequently, flow
reversal does not take place. Turbulence field is not studied, and
mean flow measurements are made with conventional five-hole conical-
head and two—-dimensional three-—tube probes. The skin friction at
the pipe wall is found to obey the logarithmic skin—-friction law
whose additive coefficient depends on swirl angle.

Weske and Sturov [31] examined the decay of swirl and
turbulence field in pipe flow. Swirl is generated by rotating part
of the pipe at 3000 rpm, generating solid-body rotation. The three
components of mean velocity and six components of the Réynolds
stress tensor are measured by hot-wire anemometry. The swirl number
investigated is substantially larger than those studied by Yajnik
and Subbaiah [30] and ranges from O to 3; consequently, flow
similarity is not found. The turbulence field is found to decay

quickly; however, its decay is a strong function of swirl number.
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Sukhovich [32] performed an experimental investigation in a
thermally insulated tube having a length-to-diameter ratio of 4l. A
stream of air was supplied to the working zone by a nozzle located
at the end of the tube, and the secondary swirling flow was admitted
into the tube through an annular gap formed by the outer surface of
the nozzle and the inner surface of the working tube. Static
pressure, as well as the axial and tangential components of the mean
velocity, is determined from readings of a special precalibrated

cylindrical probe. The distribution of the coefficients of

turbulent heat and momentum transport in this confined swirling flow
is determined from measurements of the time—-averaged velocity,
static pressure, and temperature. The calculations show that axial
and tangential components of friction stresses are anisotropic and
tﬁe coefficients of turbulent transport depend on the coordinates
and parameters describing the swirl number. At higher gradients of
angular velocity, the transport coefficient for tangential component
of momentum i{s lower than the transport coefficient for axial
component of momentum.

Now some studies related to the second category of confined
swirling flows are reviewed. Mathur and MacCallum [33] studied the
characteristics of a swirling jet in a model of square cross
section. They used an isothermal—-air model to obtain time-—mean
velocity profiles with a five—hole pitot probe and a water model to
obtain qualitative data. They found that the initial rates of

spread of confined swirling jets is more rapid than that of free
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swirling jets; also, that the central toroidal recirculation zone is
much stronger in confined jets than in free jets.

Extensive experimental and numerical studies have been
performed at Oklahoma State University on confined swirling flows
[34-43]. Throughout the entire research project an annular
adjustable vane swirler having 10 blades with a hub-to-tip diameter
ratio of 0.25 was used. The vanes were wedge shaped to give a
constant pitch-to—-chord ratio of 0.68. Vane angle could be adjusted
between zero and 70 degrees.

The performance of the vane swirler was investigated by Sander
and Lilley [34]. They show that the assumption of flat axial
profile with zero radial velocity becomes progressively less
realistic as the swirler blade angle increases. At strong swirl,
the central recirculation zone extends even upstream of the exit
plane, almost to the swirler vanes. Nonaxisymmetry was found in all

swirl cases investigated.

Five-hole pitot probes were used to measure mean velocity
conponents and static and total pressures in some of these studies
[34-36]. Rhode et al. [35] measured the time—mean velocity
components using a five-hole pitot probe. They investigated the
effects of sidewall expansion angle and swirl number on the time-
mean flow field. The effect of sidewall expansion angle is found to
be negligible for the central recirculation zone. The effect of
swiri nunber is to shorten the length of central recirculation zone

and to generate the central toroidal recirculation zone, the length
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of which is found to increase for increasing swirl number. Their
study only included weak and moderate swirl strengths. This work is
extended by Yoon and Lilley [36] to include higher swirl strengths
and to study the effect of different contraction nozzles placed at
various axial locations in the test chamber. They found that a
strong contraction nozzle of area ratio 4 greatly affects the size
and shape of the central toroidal recirculation zone.

Turbulence measurements have been made by six-orientation hot-
wire technique ([37-39], crossed wire [40], and triple hot-wire
[41]. Janjua et al. [37] made measurements in an isothermal
nonswirling, and in weakly swirling, confined jets using the above
techniques. The measurements were used to calculate the time mean
velocity components of normal and shear turbulent stresses. The
swirling jet results presented were quite limited but did show that
around regions of recirculation large values of turbulence intensity
and shear existed even for moderate swirl. They also performed an
uncertainty analysis on the hot-wire technique. This involved
changing certain input parameters to the data reduction and
determining the percéntage change in output parameters. The most
inaccurate term is found to be uw.

Jackson and Lilley [38] extended the data base given in
Reference [37] to higher swirl numbers and more axial measurement
stations. Effects of a strong contraction nozzle of area ratio 4
were also included. Throughout the flow field, the most dramatic

effect of swirl was to increase values of three turbulent shear
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stress terms. Turbulence levels and shear stresses were found to
increase along the jet centerline near the exit of the contraction
nozzle. Finally, the accuracy and directional sensitivity of the
single wire technique was studied by Jackson and Lilley [39]. The
variation of input parameters and their effect on the output data
has shown that the least accurate output quantities are the shear
stresses, in particular the x8 component. The directional
sensitivity analysis has shown that the technique adequately
measures the properties of a flow field independent of the donminant
flow direction except when the flow is predominantly in the
direction of the probe holder.

McKillop and Lilley [40] made measurements of time nean
turbulence quantities in a complex axisymmetric nonreacting,
nonswirling, confined flow field using a crossed hot-wire
anemometer. Their measurements indicated that the crossed hot wire
used could not handle axial flow reversal (without prior knowledge
and probe re-orientation), and the experimental technique was
inadequate for the measurement of time-mean velocity. Nevertheless,
the crossed hot-wire technique gave wore accurate results for the
turbulent shear stress, and thus turbulent viscosity, than the
multi-orientation single-~wire technique.

Turbulence measurements in a swirling confined jet flow field
using a triple hot-wire probe have been performed by Janjua and
McLaughlin [41]. The probe was operated by three separate but

closely matched constant-temperature anemonmeters. They noticed that
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the nean velocities measured by the triple-wire probe were in good
agreement with five—hole probe results, and that the turbulent
normal and shear estimates obtained were in generdl agreement with
the corresponding measurements performed with the six-orientation,
single~hot~wire technique. The above activities plus some numerical
techniques and a computer code development for swirling turbulent
recirculating flows are reviewed in References [42] and [43].

So far, the swirling flows through cylindrical ducts with
constant diameter have been studied. Gore and Ranz [44] have made
an analytical and experimental study of backflows in swirling fluids
moving axially through expanding cross sections. A motor-driven
perforated plate generated swirling flow with solid-body rotation.

A single, constant-temperature hot—-wire anemometer was used for
velocity measurements. Tufts and smoke traces indicated flow
directions, and light-weight spinners gave values of angular

velocity. They found that backflows appear when the swirl number

exceeds some critical value. When the flow was bypassed through a

diffuser with large angle, separation occurred when no swirl was
present. At high swirl numbers, the flow near the wall was
accelerated and separation disappeared. This is what happens in
most liquid fuel burners where primary combustion air is made to
swirl and fill an expanding flow cross section. The resulting

backflow stabilizes combustion by recirculating hot gases.
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References [45] and [46] deal with the confined swirling flows
through annular chambers. Scott and Rask [45] carried out their
experimental study in an open circuit wind tunnel designed for swirl
flows. Airfoil-shaped guide vanes imparted swirling motion to the
flow prior to the entry into the annular test section. Measurements
were made both with a cylindrical three—hole pitot probe and hot
films. The major characteristics noted in the decay of tangential
velocity was the change from a free-vortex nature in the inlet to
that of a forced-vortex nature at the outlet. Axial and tangential
shear stress profiles were computed from integral-differential forms
of conservation equations using the measured velocity profiles in
the integrals Turbulence intensity terms are not nmeasured and are
excluded. Axial and tangential diffusivities are computed from the
appropriate shear profiles. It turns out that axial diffusivities
are weakly influenced by swirl. Large spikes in the tangential
viscosities occur in regions where the character of the tangential
velocity profile is changing from free to forced vortex.

Scott and Bartlett [46] studied annular swirl flow with the
initial swirl profile of the forced-vortex type. Swirl was
generated by passing air through a rotating honeycomb-like bundle of
tubes. Measurements are made with a cylindrical pitot tube similar
to [45]. The major goal of these experiments was to obtain
experimental data on the axial decay of angular momentum and
inferring values of effective turbulent tangential viscosity. Their

results show a uniform axial decay of angular momentum and a profile
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shape independent of axial location. The tangential profile shape
and tangential viscosity distribution and magnitude do not depend on
the initial rate of swirl.

In order to achieve flame stabilization and better control of
mixing process, multiple coaxial swirling streams can be introduced
into the swirl combustor. Therefore, the characteristics of
coannular and coaxial swirling flows are now reviewed. Mattingly
and Oats [47] made an experimental investigation of the mixing
characteristics of coannular swirling flows. In this investigation,
swirl is generated by a row of stationary vanes in the inner stream
only, thereby leading to flow conditions unstable in the sense of
Rayleigh's criterion of stability [48]; i.e., flows with positive
radial angular momentum gradients are stable, while flows with
negative gradients are unstable. The swirling inner stream and the
axially directed outer stream are exhausted into a confined constant
area test section. A five—hole pitot probe 1s used to measure
static and total pressures as well as three mean velocity
components. It is noticed that an enhanced radial mixing is created
which they claim is as a result of the Rayleigh instability.

A series of experiments have been carried out to study the
turbulent momentum transfer in coaxial jets with and without
swirl. References [49] - [52] are among the recent studies in

homogeneous flows under noncombusting conditions.
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Habib and Whitelaw [49] started their investigation of coaxial
jets by making measurements in a turbulent confined coaxial jet
without swirl with hot-wire anemometry. Flows from axisymmetric
coaxlial jets were issued into a large circular tube. The area ratio
of the tube to the outer jet was eight. The nmeasurements included
distributions of the axial mean velocity and the components of the
Reynolds stress tensor. Two cases were studied with the ratio of
naximum annulus to pipe velocity of one and three. They show, for
example, that the larger velocity ratio results in a larger region
of recirculation, larger velocity gradients, and larger turbulence
intensities in the mixing region and downstream of the region of
reverse flow. Later, they incorporated a swirl generator in the
annular section and made measurements in the resultaunt flow with and
without swirl [50]. The swirl generator was similar to the one used
in Reference [21]. A combination of laser Doppler anenmonetry, hot
wire, and a three-hole pitot tube was used to make measurements.

The data allow comparison between the results of the above three
techniques in regions of recirculation. The influence of swirl and
confinement is shown to be the increased tendency towards centerline
recirculation. The results are compared with calculations based on
the solutions of finite-difference forms of the steady Navier-Stokes
equations and an effective viscosity hypothesis. They concluded
that the two-equation model, although able to represent the

nonswirling flow, 1s less appropriate for the swiriing flow.
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The study of Vu and Gouldin [51] is carried out in a circular
tube with a coaxial jet located at the entrance to the tube. The
area ratio of the tube to the jet is about 18. Detailed time mean
and fluctuating flow measurements are obtained for a coswirl and a
counterswirl condition with a five-~hole pitot probe and hot-wire
anemometer. Swirl for inner and outer jets is generated by fixed
and adjustable vanes, respectively. A recirculation zone occurs
only for counterswirl case. As the outer swirl magnitude is
decreased from maximum counterswirl to zero and then increased again
to give coswirl, the size and the reverse flow velocities in the
recirculation bubble diminish. Tangential velocities inside the
bubble are low. More turbulence is generated in the interjet shear
layer under counterswirl than for coswirl.

Roback and Johnson [52] studied mass and momentum transfer in a
test facility similar to Reference [51], but the area ratio of the
tube to the outer jet was 4.3. Swirl is imparted to the external
stream. A combination of laser velocimeter (LV) and laser induced
fluorescence (LIF) techniques is employed to obtain mean and
fluctuating velocity and concentration distribution, which were used
to derive mass and momentum turbulent transport parameters currently
incorporated into various combustor flow models. The results of
these measurements indicate that the largest momentum turbulent
transport is in the r-z plane. Mixing for swirling flow is

completed in one-third the length required for nonswirling flow.
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So, Ahmed, and Mongia made an experimental investigation of gas
jets in confined swirling air flows [53, 54]. The swirling flow is
generated in a tube by a vane type swirler. The jet is located
centrally in the swirler, and the diameter ratio of the tube to jet
is 14, Both the jet and the swirling flow are fully turbulent.
Velocity measurements are taken with a laser Doppler anemometer.
Their results show that jets in confined flow with and without
external swirl are highly dissipative. 'This is because the jet
nomentum has to work against large resistance in the fluid due to
confinement. As a result, external swirl has little or no effect on
the jet behavior. On the other hand, the jet even with a small
amount of axial momentum is enough to completely eliminate the
recirculation region in the swirling flow. The jet augments the
turbulence field only in a small region surrounding the jet, beyond
which the turbulence field is essentially the same as that of

confined swirling flows.

A large body of literature exists for swirling flows with
combustion and flame and some of these are reviewed in References
[26, 27]. As mentioned earlier, many problems encountered by the
use of water-cooled pressure probes and hot-wire anemometers, for
measurements in complex turbulent swirling flows with combustion and
flame, are overcome by the advent of laser Doppler velocimetry. One
of the unique advantages which makes this technique desirable for
use in swirling flows is that it is truly directional; i.e., both

the direction and magnitude of velocity are determined. Also by
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this method, the wmeasurement can be nade without disturbing the flow
and in situations where there is no dominant flow direction.
References [55-58] have mwade use of laser velocimetry in studying
confined swirling flows with combustion.

Baker et ai. [55, 56] measured values of three components of
nean velocity and corresponding normal turbulent stresses in the
flow within an enclosure which is a representative of a small-scale
furnace with an axisymmetric, swirling flow configuration. The
measureaents are obtained in isothermal air flow and in a combustion
mixture of air and natural gas. Exit swirl numbers of zero and 0.52
are investigated. A laser anemometer with light frequency shifting
is used to obtain neasurements. They demonstrate that the regions
of recirculation are generally longer with combustion and that the
tarbulence is far from isotropic over most of the flow field. As
expacted, the swirl substantially reduced the length of the flame
but also tended to increase the nonisotropic region of the flow.

Laser velocimeter neasurenents in the initial mixing region of
a confined turbulent diffusion flame burner were made by Owen
[57]. The experimental facility consists of an axisymmetric
conbustor in which a central gaseous fuel stream is mixed with a
coaxial annular air stream. To impart swirl to the airflow,
straight swirl vanes are inserted into the annular passage of the
injector. Mean and rms turbulent velocity levels are measured for
axial and tangential components of the reacting flow field. He

neasured four different swirl strengths near the exit of the burner
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and found there was no significant variation on the time-mean
profiles for increasing swirl. He also found high turbulence levels
with significant deviation from isotropy over the initial mixing
region of the jet. In this area large-scale fluctuations decrease
for increase in swirl strength.

Gouldin et al. [58] have investigated the flow configuration of
two confined concentric coswirling and counterswirling jets in a
cylindrical combustor with and without combustion. The central jet
flow was premixed methane/air, and the annular jet flow was air.
Swirl was generated in the inner and outer jets by tangential slots
and adjustable vanes, respectively. The data for reacting and
nonreacting flows are obtained by laser anemonetry. A closed
central recirculation zone is observed in both swirl conditions for
reacting flow but only in counterswirl for nonreacting flow. Large
anisotropic velocity fluctuations are observed in high shear regions

and in the vicinity of the recirculation zone.

2.3 THEORETICAL STUDIES OF SWIRLING FLOWS

A number of theoretical studies covering laminar, turbulent,
weak and strong swirling jets have been carried out in‘the paste.
Loitsyanski [59] studied the axisymmetrical laminar swirling jet.
His analysis was based on the simplified forms of the equations of
motion obtained by invoking the boundary-layer approximation. He
retained both axial and radial pressure gradient terms and obtained

series solutions for the velocity components. He also extended the

29



analysis to the turbulent case by the use of Prandtl's mixing length
and nmomentum transfer theory. His results are mainly applicable in
the fully developed region of the jet at some distance downstream of
the nozzle exit. Loitsyanski's solution requires also that the flow
not reverse in direction at any point (weak swirl). At large axial
distances from the origin, his laminar solution predicts the same
asymptotic state as the classical free jet solution obtained by
Schlichting [60].

Gortler [61] performed analytical studies of an incompressible
laminar jet in the limit of very weak swirl. In this limit, the
radial pressure gradient may be ignored, i.e. p = p(x) only; and
moreover a linearization of the momentum equations in swirl velocity
is admissible. Based on these and the boundary-layer approximation
of the Navier-Stokes equations, Gdrtler reduces the evolution of a
weakly swirling laminar jet problem to an eigenvalue problem of an
ordinary, second-order differential equation. Furthermore, upon
finding a suitable transformation for the dependent and independent
variables, the governing differential equation is transformed into a
Legendre type, for which exact solutions are derived. By replacing
the kinematic viscosity with an effective constant eddy viscosity,
Gdrtler generalizes his theory to include turbulent, weakly swirling
free jets as well.

A theory is proposed by Steiger and Bloom [62] in which
incompressible and compressible, axially symmetric laminar free

mixing: e.g., wakes and jets, with small, moderate, and large swirl
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can be examined. The tangential and axial velocity components and
the stagnation enthalpy are assumed to have polynomial profiles in
the radial direction. The assumption of very small radial velocity
allowed the use of boundary-layer type formulation in the

analysis. The Karman integral method is then applied to the viscous
layer, 1.e. the wake, of a rotating axisymmetric body with no
conparison to experimental data.

Shao-Lin Lee [63] has obtained closed-form solutions for an
axisymmetric turbulent swirling jet using similarity assumptions for
the axial and the tangential velocities. The radial and axial
velocities are linked via an entrainment assumption, after G. I.
Taylor [64]. The theoretical predictions are compared to the
experimental data of Rose [10], where close agreement, in the case
of weak swirl, is demonstrated. Lee's assumptions of the Gaussian
axial velocity distribution and the corresponding similar tangential
velocity profile were directly deduced from Rose's experiment, where
similarity conditions were observed for x/D > 1l.5.

Chigier and Chervinsky [l12, 13] have performed theoretical and
experinental studies of turbulent swirling jets issuing from a round
orifice. They used boundary layer—approximations and assumptions of
similar profiles to integrate the equations of motion for
incompressible turbulent flows. The similarity assumption was
experinmentally demonstrated to hold in a swirling jet, for weak and
noderate swirls, for x/D > 4. For strongly swirling flows, where

the mean axial velocity distribution shows a central trough, or what
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is also known as a double hump profile, the similarity was not
observed until 10 diameters. For x/D > 10, the location of the
naximunm mean axial velocity shifted back to the jet centerline, from
which point the similarity was observed. The measured mean axial
velocity and static pressure profiles were described by Gaussian
error curves, and the mean tangential velocity profile was expressed
in terms of third-order polynomials. The empirical constants in the
data-fit expressions of Chigier and Chervinsky are functions of the

degree of swirl in the jet defined as

G = wmo/umo (4)

the ratio of maximum mean tangential-to-axial velocity at the nozzle
exit.

In recent years, there has been considerable progress in the
swirling £low field predictions using finite difference numerical
techniques. The flow of an lnconpressible viscous fluid is most

often treated by the stream function-vorticity (¢ — ) formulation

[65]. The advantages of this technique in reducing the number of

partial differential equations is outweighed by its problems
regarding the implementation of boundary conditions and treating
strongly swirling flow fields.

To overcome the problems associated with (¢ - Q) formulation,
most recent emphasis is being placed on direct solution for
primitive variables P, U, V, W instead of ¢y and @ [66-69]. This
nethod is based on the nuwmerical solution of a finite difference

representation of the Navier-Stokes equations in primitive variable
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form. Reference [66] is actually a computer code for swirling
turbulent axisymmetric recirculating flows in practical isothermal
combustor geometries. A two-equation (K - ¢) turbulence model and a
stair-step boundary representation of the sloping sidewalls are
implemented in this code. References [67] and [68] have extended
the code applications and compared the predictions with experimental
data. Due to the limitations of (K - £) models, Reynolds stress
closure models have also been considered in numerical predictions of
swirling and nonswirling jets [69]. Problems associated with this
technique are discussed in this reference. For a review of flow
field modeling techniques in practical combustor geometries,

Reference [70] can be consulted.

2.4 VORTEX BREAKDOWN

Vortex breakdown phenomenon is an abrupt structural change
which can occur along the axis of swirling flows or the leading edge
vortex formed above delta wings at high angles of attack. It has
been recognized for a long time that local flow reversal can be
produced in a circular duct flow by introducing sufficiently high
degree of swirl into the flow field. Such a swirl induced zone of
recirculation is the basis for one of the classical techniques for
flame stabilization in combustion chambers and furnaces. In the
study of swirling flows, the term "vortex breakdown'" refers to the
formation of a free stagnation point or recirculation zone on the

axis of flows with significant streamwise vorticity.
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Gouldin and Depsky (58] have classified the mean flow field of
swirling flows, depending on the presence or absence of mean flow
reversal as foilows:

(1) No flow reversal

(2) A central recirculation zone

(3) A toroidal recirculatfon zone.

(4) A long backflow region or columnar flow.

Class 2 includes flows with vortex breakdown. Increasing swirl
strength will cause transition from class 1 to class 2 or class 3;
and with further increase in swirl, it may transit to class 4. They
concluded that, in addition to swirl number, Reynolds number,
initial velocity profiles, and flow geometry have a significant
influence on swirling flows and most likely on the class of
recirculation zone they generate. Syred and Beer [26], Lilley [27],
Gore and Ranz [44], and Vu et al. [51] among others have suggested
that the flow recirculation produced in swirl-stabilized combustion
chambers 18 related to vortex breakdown. They did not, however,
offer any fundamental arguments about the nature of this
phenomenon. According to References [26] and [27], the usual point
of onset of flow reversal occurs at swirl number of about 0.6, which
is called the "critical swirl number." They reached the conclusion
that the precise effect of swirl on the flow field is found to
depend upon many other factors as well as swirl number: for
example, nozzle geometry. The presence of a central hub or the

addition of a divergent nozzle encourages a larger recirculation
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zone and reduces substantially the critical swirl number. It is
also observed that recirculation zones tend to be larger when the
flow is produced by swirl vanes as opposed to an axial-plus-
tangential entry swirl generator, and they are much more pronounced
in confined swirling flows than the ones generated in free swirling
jets.

References [71-74] are among the literature dealing with the
fundamental nature of vortex breakdown. Squire [71] suggests that
breakdown might occur when the flow can sustain infinitesimal
standing waves. His idea is that, if such waves exist, disturbances
which are present far downstream might spread along the vortex and
hence disrupt the flow nearer the start. Since the standing waves
of indefinitely great length are the first to become possible as the
swirl velocity is gradually increased, he proposed the limiting
condition for the existence of such waves to be the inceptive state

for vortex breakdown.

The most satisfactory explanation for vortex breakdown thus far
proposed is that of Benjamin [72]. He associates vortex breakdown

with a transition between an upstream supercritical region into

which axisymmetric waves cannot propagate and a downstream
subcritical region through which axisymmetric waves can propagate.

In the transition or transcritical region, waves propagating from

downstream accumulate to form a vortex breakdown. In other words,
he considers vortex breakdown as fundamentally a transition similar

to hydraulic jump in open channel flow, from a uniform state of
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swirling flow (supercritical) to another state (subcritical)
featuring axisymmetric waves of finite amplitude.

Sarpkaya [73, 74] made some experiments in swirling flows in a
diverging cylindrical tube in which various types of vortex
breakdown were observed. The swirling water was generated by
adjustable swirl vanes. Basically three types of vortex breakdown
were observed, viz. double helix breakdown, spiral breakdown
(followed by turbulent mixing), and axisymmetric breakdown (followed
by a thicker vortex core than the spiral breakdown and finally by
turbulent mixing). The first mode is observed only in the divergent
tube experiments, and the spiral mode is more commonly observed over
a delta wing at high angles of attack, while the axisymmetric mode
generally appears in axisymmetric swirling flows. The axisymmetric
breakdown may also evolve from double helix or spiral modes. For an
exhaustive list of references and critical evaluation of the
proposed theories of vortex breakdown, References [75-77] can be

consulted.

2.5 AERODYNAMIC EXCITATION OF FREE SHEAR FLOWS

Aerodynamic excitation of axisymmetric jets has been under
extensive theoretical and experimental investigation over the past

decade. It is already understood that acoustic excitation at the

f-D

i ) has a significant effect on the

"right" Strouhal number (
mixing characteristics of shear layers, provided that the excitation

apnplitude is beyond a certain minimum "threshold" level.
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The idea of a preferred mode of jet instability was first
introduced by Crow and Champagne [78]. They showed that the
entrainment volume flow, in an axisymmetric jet, could be increased
by about 32 percent by acoustic excitation at Strouhal number of 0.3
based on nozzle exit diameter. Later Zaman and Hussain [79, 80]
showed that turbulent mixing, in a free circular jet, is enhanced at
Strouhal numbers between 0.2 and 0.8 and is suppressed between 2 and
4. They also concluded that enhancement or suppression of turbulent
mixing not only depends on the Strouhal number but also is affected
by the nature of the nozzle boundary layer (i.e. laminar,
transitional, or turbulent).

Moore [81] and Ahuja [82] showed that the threshold level of
the excitation acoustic pressure for effective turbulent mnixing and
a consequential jet noise amplification can be taken to be 0.87% of
the jet dynamic head at the "correct" Strouhal number. For an
excellent review and bibliography in the area of aerodynamic
excitation, References [5] and [83] can be consulted.

The objective of the present investigation is to obtain a basic
understanding of the response of cold swirling turbulent free jets
to acoustic excitation. To our knowledge, this is the first attempt
to study the effect of excitation on a swirling jet. As a first
step, a free swirling turbulent jet with a swirl number of 0.35 is
excited internally by plane acoustic waves, and the results are
compared with a similar jet with;ut swirl. The mass flux is kept

constant in the two cases. Only experimental results are presented
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in this report and further studies are needed to understand the

mechanism of interaction.

2,6 MEASUREMENT TECHNIQUES IN SWIRLING FLOWS

Experimental observations in swirling flow fields have been
conducted for a number of years. Measurement techniques developed
for these three-dimensional flow experiments are as follows:

(1) Multihole-probe techniques

(2) Hot-wire anemometry

(3) Laser-Doppler velocimetry.

As the present experiments involved development of a five-~hole probe
measurement technique; and as the turbulence field was qualitatively
measured with constant temperature hot-wire anemometry, only the

literature regarding these techniques is reviewed in this report.

2.6.1 Multihole—Probe Techniques

A variety of multihole probes, having three, five, or seven
holes with different tip shapes, have been designed and fabricated
in the past for measurement of velocity vector magnitude and
direction, as well as static and total pressure. Several
combination probes, mainly of the nulling type, are experimentally
evaluated in Reference [84]. In the nulling method, probes are
usually rotated in the flow field until the direction-sensing

pressures are nulled, meaning the probe is aligned with the flow.
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The probe may also be set fixed in the flow field (non-nulling
nethod) and flow direction determined from a correlation based on
the relationship between the probe pressures and flow direction.
Measurements with fixed-position probes in subsonic flow over a
range of Reynolds numbers is presented by Krause and Dudzinski
[85]. Design and calibration procedure of a three—hole probe (used
for 2-D flow measurements) and a five-hole probe (used for 3-D flow
measurements) is studied in this paper. -

Multihole probes have been designed with a variety of measuring
tip shapes. Spherical probes have been developed by Lee and Ash
[86] for three-dimensional flow measurements. Static pressure and
magnitude and direction of velocity vector for any arbitrary flow
angle can be measured with this probe without nulling. Satisfactory
measurements are obtained within a rotating blade cascade with three
percent accuracy. Hale and Norrie [87] have also studied the theory

of the five-hole spherical pitot probe technique and improved the

calibration procedure for measurements in a flow whose direction is
approximately known. The results of their calibration can be put in
a form suitable for reduction of the test data by digital computers.

Bryer and Pankhurst [88] have carried out an extensive study of
multihole pressure probes having a variety of tip designs like
spherical, conical, or pyramidal heads. Details of the design and
construction steps of various probes are given as well as their
general principles of operation and practical performance.

Combination probes which are capable of simultaneous measurement of
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many quantities including temperature are also discussed. The
application of several types of pressure probes for measurement of
static and total pressure, velocity vector magnitude and direction,
and skin friction are also discussed by Chue [89]). This reference
can serve as a useful supplement to Reference [88] by adding further
details on topics discussed in it and topics not already included.
References {90, 91] deal with measurements in separated
flows. Yajnik and Gupta [90] mounted a modified basic three-hole
probe on a pitching mechanism and aligned it with the local flow
direction such that the pressure difference between the two outer
tubes was equal to zero. Local velocity and the flow direction in
one plane can thus be determined. This design and set-up appears
attractive; but the system is not versatile, since it cannot measure
the local sidewash angle of the flow. In order to overcome the
above limitation, a rather small five—-hole probe was selected by
Seetharam et al. [91]. This probe was ideally suited for separated
flow measurements due to its capability to provide pitch and yaw
angle information as well as static and total pressures. They
provided a means for nulling the probe in one axis only and to
utilize nonlinear calibration relations to determine flow direction
with respect to the second axis. They realized that for probe
positions within five probe diameters of the wall, proximity of the
wall influences the probe readings and results in an error in the
indicated local pitch angle of the velocity vector. The maximum
error is reported to be about four degrees when the probe is in

contact with the surface.
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A fast method for accurate mechanical design and minimun effort
manufacturing procedure of miniature conical five-hole probes is
presented by Gallington and Hollenbaugh [92]. The smallest probe
that they constructed had an outside diameter of 2.7 mm, and they
claim that their technique can probably be applied to fabricate
probes as small as 1 mm outer diameter. Detailed procedure of
calibration of miniature five-hole probes for on-line data reduction
is reported by Barker et al. [93]. A computer-aided technique to
find the three components of velocity and the static and total
pressures 1s presented. The four pressure coefficients, defined in
terms of the pressures measured from each of the five holes or
pressure ports, are calculated using matrix manipulation.

Samet and Einav [94] present the results of their study to
construct, calibrate, and employ a special type of directional
pressure probe which they call the “"five-tube pressure probe'" or
"5TPP." Topics such as calibration techniques, various sources of
error, and correction procedures are discussed in detail. This type
of probe has an outside diameter of 4.2 mm and is robust and easy to
manufacture. The tubes are made of 0.9 mm i.d. stainless steel
hypodermic tubing and are bonded together with epoxy glue. they
have described a calibration procedure for using the probe in non-
nulling method of measurement in large and small flow angles. The
procedure of Reference [91] is recommended by them for null-reading
method. Measurements were performed in an axisymmetric turbulent

jet with a coflowing uniform stream. Within the potential core the
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results of 5TPP were in good agreement with those obtained by hot-
wire anemometry. Further downstream errors of not more than 47 are
observed.

The effect of a nearby solid surface which was noticed in
Reference [91] is also addressed by Tamigniaux and Oats [95]. They
also observed that overreading angle of attack increased with
increased approach to the wall. This is because the wall
interference causes an increased pressure at the port closest to the
wall. They concluded that the validity of the probe readings can be
extended to an area close to the wall by including the effect of
wall interaction in the calibration procedure. Generally speaking,
there are not yet reliable methods for calibrating multi-hole probes
for the effects of large shear rates or of nearby solid surfaces.

As a result, measurements taken near the solid boundaries, or within
the early developing shear layer between streams, can only be
interpreted qualitatively at best.

Due to flow separation at the probe tip, if five-hole probes
are not nulled in flow direction, they are unsatisfactory for flow
measurements at angles larger than about 20 degrees [90]. A new
method is recommended for calibrating five—hole probes for extending
their useful measurement range up to flow angles of about 85 degrees
[96]. The calibration technique involves adjustment of the
calibration coefficients to allow valid calibration at larger flow
angles without additional cost of a seven—hole probe. The

coefficients are adjusted by replacing the center port pressure with
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the upwind port pressure as the reference pressure, and replacing
the stalled downwind port pressure with center—-port pressure. This
extended range is valid in pitch only when the yaw ports are nulled.

As discussed by Yajnik and Gupta [90], the five~hole probes
could not be calibrated to give useful flow information beyond flow
angles of about 20 degrees measured from the flow direction to the
probe axis. This 1s because at high flow angles one of the side
ports in the five-hole probe becomes almost a stagnation point while
the opposite port measures in the separated wake [93]. Neither of
these pressures 1s sensitive to small changes in flow angle. Of
course nulling the probe can improve this problem. Some special
calibration techniques have also increased this limit [96]. The
seven—~hole probe is a desirable choice for measurements in flows at
high angles [97]. This reference describes the fabrication,
calibration, and use of a non-nulling seven—hole probe that permits
accurate measurement of all steady-flow properties, provided that
the local flow makes an angle of no more than 80 degrees with
respect to the probe axis. The determination method comprises
explicit polynomial relationships for all the desired output
quantities in terms of pressures measured by the probe. This method
can be easily programmed in matrix notation on a data acquisition
system. Representative flow angle accuracies are 0.4 degrees at low
flow angles and one degree at high flow angles.

The calibration technique developed in Reference [97] for

incompressible flows is further extended to subsonic compressible
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flows by Everett et al. [98]. They observed that the maximun flow
angle at which valid measurements can be obtained varies inversely
with HMach number. This limit ranges from about 65 degrees at Mach
0.88 to nearly 85 degrees at Mach 0.2. Their data reveal no

significant influence of Reynolds number oun the results within the

range of values tested.

2.6.2 Hot-Wire Techniques

Turbulence measurements in a complex flow field have always
been a complicated problem encountered by researchers. One of the
most widely used instruments to obtain turbulence quantities as well
as mean velocity components is the hot-wire technique. Methods of
measuriang swirling flow fields using hot-wire anemometry are briefly
revieved here. There are essentially two methods available for
neasurenent of three~dimensional flows using hot~wire probes. The
first technique is the use of nulti-orientation of a single hot
wire. The second method is the application of a three—sensor
probe. Of course, single inclined and cross-wires have also been
applied for three—~dimensional flow measurements.

Multi-orientation of a single hot wire is a method devised
originally by Dvorak and Syred [99]. They used a single normal hot
wire oriented at three different positions so that the center one
was separated by 45 degrees from the other two. A crossed-wire
probe was additionally used to measure correlation coefficients.

King [100] modified the above technique. His method called for a
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normal wire to be oriented through six different positions, each
orientation separated by 30 degrees from the adjacent one. Mean and
root mean square voltages were measured at each orientation. The
data reduction was performed using some assumptions regarding the
statistical nature of the turbulenqe,'mqking it possible to solve
for three time—-mean velocities, the three normal turbulence
stresses, and the three turbulence shear stresses.

At Oklahoma State University, Janjua et al. [37, 101] studied
the six-orientation hot-wire probe techniques, developed a suitable
data reduction code, and presented results of its application in
nonswirling free and confined jet flows. Jackson and Lilley [38]
extended the above technique to investigate nonswirling and swirliag
nonreacting turbulent confined flows. They also studied the
accuracy and directional sensitivity of the six—-orientation single
normal hot-wire technique [39]. They performed an uncertainty
analysis on the data reduction procedure by changing the individual
input parameters and noting their effect on the deduced property of
the flow. It is concluded that the least accurate output quantities
are the shear stresses, in particular the x0 component. A
directional sensitivity analysis is also presented by them, that
assesses the relative value of the deduced flow properties to local
time mean velocity orientation relative to the probe. It is also
concluded that the technique adequately measures the properties of
the flow field independent of the dominant flow direction except

when the flow is predominantly in the direction of the probe holder.
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The influence of wall proximity on hot-wire velocity
measurement is experimentally investigated by Oka and Kostic
[102]. Theif measurements are carried out with a DISA constant
temperature hot-wire anemometer, using a standard miniature probe.
They showed that the increased cooling of the hot wire in the
vicinity of a colder wall gives rise to higher apparent velocities
at the measuring points. They observed that the wall influence
could be detected at the same dimensionless distance, a fact which
may serve as an indication of whether wall influence is present in a
certain measurement in turbulent flows.

Application of multi-orientation of a slanted wire in flow
neasurements is reported in References [103-105].

Moussa and Eskinazi [103] tried to measure the mean flow
velocity and direction in a three~dimensional flow field by using a
rotatable 45 degree slanted wire. Making use of the directional
properties of hot wires, they calibrated the probe for all possible
angles and prepared detailed charts which included the flow angles
as function of four mean voltages obtained at different stations.
Hoffmeister [104, 105] applied similar technique for determining
three components of mean velocity and six Reynolds stresses in a 3-D
turbulent flow. His procedure is restricted to a stationary
turbulent field in a homogeneous, incompressible, and isothermal
fluid. The use of multi-orientation of a single slanted wire in

turbulent flows is not yet fully established.
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Although the rotated-wire technique is simple in both concept
and application, the technique can be very time consuming,
especially where measurements are required at a large number of data
points in a 3-D flow. Further, the technique is not particularly
suitable for accurate measurements of very small flow angles. The
cooling effects of intense velocity fluctuations, when these are
present, also offer another criticism of the technique. The method,
being basically a statistical technique, is applicable only to
stationary turbulent flows. Considering the above problems, the
three—sensor probe will be another alternative which enables
measurements of the three components of mean velocity and six
components of Reynolds stresses simultaneously [106, 107, 41].

A real-time hot-wire method has been developed to make
measurements in 3-D turbulent flow fields where fluctuations are
high and the flow direction is unknown (within limits) [106]. A
DISA triaxial-wire probe 1is used for this investigation. The wires
are mutually orthogonal, forming a right-angled coordinate system.
The resultant mean velocity could be measured with good accuracy
within a cone of 30 degrees half apex angle around the probe axis.
Turbulent kinetic energy could also be measured with 10-15% accuracy
within a cone of half apex angle of 12 degrees.

Extensive research has been performed on the applicability of
three-sensor hot-wire probe techniques for 3~D mean and turbulence
flow measurements at Pennsylvania State University [107]. Hot-wire

equations, data processing procedure, calibration techniques, and a
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discussion of various errors in the measurements are presented in
this reference. Sone improvements that can be made to improve the
accuracy of this technique are also discussed.

Application of the triple hot-wire probe for turbulence
measurenents in swirling confined flows is reported by Janjua and
McLaughlin [41]. The probe was operated by three separate but
closely matched anemouneters. Calibration of the probe was performed
by orientation of the probe axis colinear with the calibration jet
and resolving the velocity conponents in directions normal to the
three wires to obtain voltage versus normal component of velocity
for the three respective wires. This method is also recommended and
used by Yavauzkurt et al. [106]. It is concluded that the mean
velocities measured by the triple-wire probe are in good agreement
with five-hole probe results. The turbulent normal and shear
stresses measured by this method are also in general agreement with
the corresponding results obtained from the six-orientation single-

hot-wire technique.
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3. EXPERIMENTAL FACILITIES AND INSTRUMENTATION

3.1 JET FACILITY

The jet facility consists of a 30-inch diameter cylindrical
plenum tank, swirl generator, air supply and control system,
excitation section, and a convergent nozzle exhausted to the test

cell. A schematic diagram of the jet facility is shown in Figure 1.

3.1.1 Swirl Generator

One of the major objectives of the present investigation was to
study the effect of initial tangential velocity distribution on the
mean evolution of a swirling turbulent free jet. To achieve that, a
swirl generator capable of producing swirling flows at a constant
swirl number but at different initial swirl distributions was
required. The design of swirl generators in practice today is
generally based upon the following principles of swirl production
[8]:

a) Fixed or adjustable vanes

b) Axial-plus-tangential entry

¢) Spinning, fully developed pipe flow

d) Flow through a rotating perforated plate
A common problem associated with all of the above techniques of
swirl generation is the fact that there is no control over the shape
of the initial swirl distribution generated by them. To solve this

problem, a unique swirl generator capable of generating swirling
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flows at a constant swirl number but at a variety of initial swirl
profiles is designed and fabricated. The principle of axial-plus-—
tangential entry is applied for swirl generation. It consists of 54
elbow-shaped nozzles mounted on three concentric circular manifolds
(Fig. 2) which are in turn mounted inside a 76.2 cm (30 in.)
diameter cylindrical casing (Fig. 3). Tangential air entering into
the swirl generator through the elbow-shaped nozzles is mixed with
the axial air passing through the casing and generates a swirling
flow. By individual control of the air flow through the concentric
manifold rings, flows having various initial swirl profiles at a
constant swirl number can be generated. Swirl strength can be
controlled by varying the proportion of axial and tangential air
supply. The components of the swirl generator are described as
follows:
a) Manifold Rings

These circular rings have diameters of 57.2, 38.1, and 19.l1 cnm
(22.5, 15.0, and 7.5 in.) and are called manifolds A, B, and C,
respectively. Manifold A is located upstream, B is in the middle, C
is mounted in the downstream part of the cylindrical casing, and
they are concentric. They are formed from stainless steel piping
and incorporate welded mounting pads on their upstream and
downstream faces for the attachment of elbow-shaped nozzles.

Blueprints of these manifolds are included in Appendix D.
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b) Elbow—-Shaped Nozzles

Tangential air enters into the swirl generator through 54
nozzles mounted on the manifold rings. Manifolds A, B, and C are
equipped with a total of 24, 18, and 12 nozzles, respectively, half
of which are mounted on the upstream and the other half on the
downstream face of the manifolds. Among the requirements in
selecting and modifying these nozzles were maximum mass flow rate
capacity with minimum blockage to the casing and minimum noise
generation. Initially three sizes of elbows were selected, and
different shapes and sizes of inlet restrictors and outlets were
mounted in them [108]. The mass flow rates of the above
conbinations were experimentally measured in a flow laboratory, and
the results are shown in Figure 4. It was concluded that a 1.91 cm
(+75 in.) pipe elbow with a .64 cm (.25 in.) size inlet restrictor
meets the mass flow rate requirement. Next, the overall sound

pressure level (OASPL) of the air passing through this elbow was

measured with a microphone; and it was concluded that the screech
which was present in the spectra disappeared and the OASPL was
reduced from 106 to 92.5 dB when three 30-mesh screens were inserted
into the elbow and a multi-hole plece was placed at its outlet. The
schematic of the multi-hole piece is illustrated in Figure 5. The
mass flow rate of the final nozzle assembly was measured and found
to be acceptable.

The elbows are screwed into their mounting pads located on

front and rear faces of manifold rings, and their angles were set so
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that the outlet flow from each elbow just touches the outlet of the
neighboring elbow and so on. This way a well-developed stream tube
of swirling flow is generated by the flow from each manifold. The

swirl generator is bolted to the plenum tank as shown in Figure 6.

3.1.2 Air Supply and Control System

A schematic diagram illustrating the complete air supply and
control system components is shown in Figure 7. The 40 psig axial
air is supplied to the plenum tank through an eight-inch pipe. An
eight-inch butterfly valve bypassed by a 1.5 inch gate valve allowed
the regulation and control of the axial air. The axial air system
and controls are shown in Figure 8.

The 125 psig tangential air is supplied by a six-inch pipe,
through an air filter and manual shut-off valve to a small size
plenun chamber, as shown in Figure 9. From there, the high pressure
air is passed through three separate orifice plates and flow control
valves to the three swirl-generating manifolds. A schematic diagram
of the orifice runs is included in Appendix D. The variation of
mass flow rate through each orifice plate versus the pressure drop
across them is measured and used in the calibration procedure for
total mass flow measurements. The calibration curves for the
orifice plates are shown in Figures 10-12. A differential pressure
transducer is hooked up across each orifice plate to measure

pressure drope.
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3.1.3 Excitation Section

A cylindrical section, which is installed downstream of the
swirl generator, houses four acoustic drivers and microphones which
are equally spaced around the circumference. Each driver is
enclosed in a sealed can and is vented to the nozzle to equalize
pressure across the speaker diaphragm. The drivers have a rated
power of 40 w with a flat response over a frequency range of 500 Hz
- 13 KHz. Each driver is connected to a dual channel Altec Lansing
100 w power amplifier. Amplitude and frequency of the input signal

to the four drivers could be selected by a variphase tone generator.

3.1.4 Exit Nozzle

Two convergent nozzles with exit diameters of 11.43 cm (4.5
in.) and 8.89 cm (3.5 in.) were used for mean flow experiments and
excitability tests, respectively. The nozzle was located downstream
of the excitation section and was exhausted to the test cell. A

photograph of the complete jet facility is illustrated in Figure 13.

3.2 INSTRUMENTATION

3.2.1 Five-Hole Pitot Probe

A five-hole pitot probe is designed and fabricated to measure

three components of time mean velocity, mean flow angles, and static
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and total pressures. The probe has a diameter of 0.318 cm (0.125
in.) at the sensing tip and is hook-shaped to allow probe shaft
rotation without altering the probe tip location. The probe has a
45 degree cone angle, and the pressure ports are located at the
midspan of the conical surface. Dimensions of the probe are shown
in Figure l4. It 18 carefully calibrated in a calibration facility
where precise measurements of the five port pressures at a range of
known flow angles are made and converted to nondimensional
parameters. The calibration procedure is discussed in Appendix A.
The probe was mounted on an L. C. Smith actuator which allowed
probe shaft rotation about its axis for nulling in the yaw
direction. This was performed automatically by commands from a
Validyne demodulator which tries to equalize pressures at port
numbers 2 and 4 of the probe. Port pressures were measured from the
signals sent by a two-pound pressure transducer to a Fluke
voltmeter. The data acquisition system and the operating procedure

are described in Sections 3.2.5 and 4.1, respectively.

3.2.2 Hot-VWire Anemometry

A limited qualitative turbulence data is obtained along the jet
centerline by standard hot-wire techniques employing linearized
constant temperature anemometers. Only the streamwise mean and
turbulence intensity are measured. Along the jet axis, the
tangential and radial components of mean velocity are assumed

negligible compared to the streamwise component; and therefore, the
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results from a single element hot-film probe are assumed to
represent the actual streamwise components. The mean data obtained
by the hot—film probe are in reasonable agreement with the five-hole

probe results.

3.2.3 Microphone

Considering the same assumptions mentioned in Section 3.2.2,
the overall sound pressure level was also qualitatively measured
along the jet centerline by means of a (B & K) condenser
microphone. The microphone had an outside diameter of 0.635 cm
(0.25 in.) and was fitted with a nose cone. The sound pressure

levels in the power spectrum were measured relative to 20 upa.

3.2.4 Probe Positioning

As mentioned in Section 3.2.1, the five-hole probe could be
rotated around its own shaft axis (yaw direction) by an L. C. Smith
actuator. This rotation could be performed by commands from the
yaw-nulling mechanism as well as manually by the keyboard control
switches.

The above-mentioned actuator, hot-films, and microphones were
mounted on a traversing mechanism made by Klinger. The unit allows
simultaneous traverses in x, y, and z directions with .003 cm (.00l
in.) accuracy. The direction and step size were programmed in the

computer and could also be performed manually by means of control
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switches of the stepper motor controller. The traverser can be seen

in Figure 13.

3.2.5 Data Acquisition System

.The schematic diagrams of the data acquisition set~-up for the
five—-hole pitot probe measurements and hot-wire anenometry are shown
in Figures 15 and 16, respectively. The central controller for the
whole system was an HP-9836 cowmputer, which was programmed to access

digital voltmeters, relay switches, scanivalve, signal analyzer, and

traversing mechanism.

For the five-hole probe measurements, at each measuring point,
the probe was allowed to be nulled in yaw the direction. The yaw
angle was then recorded by averaging the readout of the L. C. Smith
controller meter which indicates the angular rotation of the probe
about 1ts own shaft axis. The five ports of the probe were then
scanned by the scanivalve, and the time—averaged pressures were also
recorded. Finally, the above recorded data were used by the
computer to calculate the mean flow parameters by application of the
calibration curves. The calibration procedure and computer programs
are included in Appendices A and C, respectively.

For hot-film and microphone nmeasurements, as well as excitation
experiments, the data acquisition system was identical to Reference
{109]. The HP computer could read the signals from a DISA constant-
temperature anemometer through Fluke digital voltmeters. The data

could be stored and plotted as mean velocities and turbulent

56



intensities. Hot-wire calibration procedure is discussed in
Appendix B. Basic signal processing functions could be performed by
a Wavetek model 804A signal processor. It could calculate, plot,
and store power spectra, cross spectra, and other correlation
functions. Layout of the data acquisition system and

instrumentation in the control room is shown in Figure 17.
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4. EXPERIMENTAL PROCEDURE

4.1 MEAN FLOW MEASUREMENTS

Mean flow measurements were made by means of a five-hole pitot
probe as described in Section 3.2.1. Before each test, all signal
conditioners and the Validyne demodulator were adjusted for no—-flow
condition. The air control valves of the swirl generator were then
opened enough so that the differential pressure transducers across
the orifice plates indicated the desired pressure drop corresponding
to a known mass flow rate. The computer was programmed to move the
probe to the desired measuring point by means of a traversing
mechanism. At each point, the probe was allowed a period of 10
seconds to be nulled automatically in yaw direction. Then the time
averaged yaw angle was recorded by the computer from the output of a
voltmeter which was hooked up in series with the L. C. Smith
actuator controller. The scanivalve was then activated through a
relay actuator to scan through the five ports of the probe outlet.
The time—averaged differential pressures were recorded from the
signals of a two—pound pressure transducer. The above information
was used by the computer to calculate the mean flow characteristics
using calibration information. Calibration curves and computer

programs are included in Appendices A and C, respectively.
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4.2 FLUCTUATING FLOW MEASUREMENTS

As pointed out in Section 3.2.2, limited qualitative turbulence
data were obtained along the jet centerline using standard hot-wire
techniques. Only the streauwise turbulence intensity was measured
by a single—element constant-temperature hot-film probe. It was
assumed that along the jet axis, the tangential and radial velocity
components were negligible compared to the streamwise component.

Each day before the test, the TSI hot-film probe, the DISA
constant—temperature anemometer, the DISA linearizer, and the rest
of the circuit were checked for calibration. The calibration
procedure details are specified in Appendix B.

In a typical test run involving single hot-film measurements of
turbulence intensities and mean velocities, the following procedure
was followed. The control valves of the swirl generator manifolds
were opened enough so that the differential pressure transducers
across the orifice plates indicated the desired pressure drop
corresponding to a known mass flow rate.

The hot-film probe was then mounted on the traverser and moved
to the desired location. The HP computer then read a Fluke
voltmeter to determine the dc and ac anemometer output voltages. It
then time averaged the dc and ac signals separately and converted
them to mean and fluctuating velocities, respectively.
Simultaneously a Wavetek model 804A signal analyzer could average

and store the spectra if needed.
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4.3 OVERALL SOUND PRESSURE LEVEL MEASUREMENTS

Before each test run, the microphone was calibrated using a
(B&K) pistonphone so that the sound pressure levels in the power
spectrum were relative to 20 upa. The pistonphone generated a
frequency of 250 Hz at 124 dB. The nicrophone was then mounted on
the traversing mechaaism and moved along the jet axis. The output
from the microphone was fed to the signal analyzer through a B&K

amplifier.

4.4 EXCLITABILITY EXPERIMENTS

For excitation experiments, procedures similar to those of
Reference [109] were followed. A Vavetek model 152 programmable
variphase tone generator was used as a source of selectable wave
forms. It could generate sine, cosine, triangle, and square wave
forms of frequencies between one Hz and 100 KHz and amplitudes from
10 mv peak to 9.99 v peak. Amplitude, phase, and waveform for each
channel could be independently programmed. Frequency could also be
programmed and applied to all channels.

At the beginning of each test, the Altec-Lansing power
amplifiers were adjusted manually to provide the desired voltage
iaput to the acoustic drivers, and the amplitude and frequency were
set on the tone generator. Basic signal processing functions could
be performed by a Wavetek model 804A signal processor receiving

signals from hot film and microphone. Excitability experiments were
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conducted at constant sound pressure level of 126 dB as measured by

a microphone at the nozzle exit.

4.5 SUMMARY OF THE TESTS

The following measurements were made for two flow conditions

having equal swirl numbers of 0.48 but with different initial

tangential velocity distributions:

1)

2)

3)

4)

5)

6)

Mean flow measurements along the jet axis with the five-
hole probe
Radial traverses with the five—hole probe at the following
downstream stations:

x/D = 0.06, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,

5.0, 6.0, 9.0, 10.5, 12.0

Single-wire hot-film measurements along the jet axis
Overall sound pressure level measurements along the jet
axis
Excitability experiments along the jet axis for flows with
swirl numbers of 0.35 and zero (no swirl case)
Investigation of the effect of screens on mean
characteristics of swirling flows at swirl numbers of 0.52

and 0.34.
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5. RESULTS AND DISCUSSION

Figure 17 is a definition sketch showing the coordinates used
in this report. For a complete list of subscripts, superscripts,

and abbreviations, the list of symbols should be consulted.

5.1 SYSTEM EVALUATION

5.1.1 Instrumentation

The multihole-probe technique has already been proved by many
investigators to be an inexpensive and reliable method for swirling
flow measurements. References [l, 12, 35, and 47] are among the
numerous studies which have used this method of measurement
extensively both in confined and free swirling flow fields. To
check the accuracy of the five-hole probe technique, measurements
are made in an axisymmetric nonswirling free jet, and the results
are compared with those of the hot~wire anemometry in Figures 18 and
19. Excellent agreement between these results is observed up to a
downstream distance of about four nozzle diameters. Further
downstream, less than five percent error is noticed in the five-hole
probe results. This is the nature of all pressure probes which lose

their sensitivity in flow regions with low dynamic pressure.
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5.1.2 Swirl Generator

Capability of the jet facility to generate swirling flows at a
wide range of swirl numbers was checked by making measurements with
the five-hole pitot probe. Figure 20 illustrates the downstream
development of the mean centerline axial velocity at various swirl
numbers. Radial distribution of the mean axial velocity at
x = 0.06D at the same swirl numbers is plotted in Figure 21. These
plots 1llustrate the flows with swirl numbers ranging from zero (no

swirl) to in excess of critical swirl number (S = 0.6). As the

crit
pressure probe technique is not suitable for reversed flow
measurepents, the negative velocities are recorded as zero by the
computer and plotted accordingly. For the same reason, the
calculation of the swirl number in the presence of reversed flow was
not possible. From Figure 20 it 1is clear that for a flow with a
swirl number beyond the critical é&irl number (S > 0.6), a vortex
breakdown region is developed from a downstream distance of

x = 2,0D to x  3.0D. Further increase in swirl number enlarges the
size of the reversed flow bubble and moves the forward stagnation
point further upstream and eventually inside the nozzle as
illustrated in Figures 22 and 23. As will be discussed in Section
5.2, the shape of initial tangential velocity distribution has a
significant effect on the value of critical swirl number. As the
initial swirl profile changes from a forced vortex type towards free

vortex distribution, the critical swirl number gradually reduces.

Due to the importance of vortex breakdown phenomenon in combustion
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research, further experiments are scheduled to be made using laser
Doppler velocimetry (LDV) measurements. The effects of acoustic
excitation on the vortex breakdown will also be investigated.

As nentioned before, one of the major objectives of this
investigation was to study the effect of initial tangential velocity
distribution on the mean evolution of free swirling turbulent
jets. To do that, flows with identical swirl numbers but having
different initial swirl profiles should be generated. This was the
idea behind the design and fabrication of our unique swirl
generator. Figure 24 illustrates two distinct tangential velocity
distributions at swirl number of 0.48 generated in our facility.
Both profiles represent Rankine type (combination free and forced)
vortices. The flow generated by manifold A is dominated by the
forced vortex part, while the one generated by manifold C is

dominated by its free vortex part.

5.2 EFFECT OF INITIAL MEAN TANGENTIAL VELOCITY DISTRIBUTION ON THE
EVOLUTION OF FREE SWIRLING TURBULENT JETS

5.2.1 Mean Flow Field

The experimental results presented in this section are time-
averaged data gathered from two swirling jets generated separately
by manifolds A and C. The swirl number in both jets was held
constant at 0.48; and the mass—averaged, mean axial Mach number at
the nozzle exit was = 0.14. The Reynolds number based on the nean

axial velocity and the nozzle diameter was, in both cases, 375,000.
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The two extreme tangential velocity distributions investigated
in our facility are plotted in Figure 24. The vortex core size
generated by manifold C, at x/D = 0,06, is about a quarter of the
nozzle exit diameter, while that of manifold A spans the full exit
plane. It is also noted that the center of the smaller vortex is
displaced from the nozzle geometric center by nearly 0.1 D, at x/D =
0.06, thereby leading to nonaxisymmetric flow conditions. This
puzzling behavior was further investigated by allowing the vortical
flow to emerge from the nozzles of various lengths. It was noted
that the vortex core center described a "helical path" as evidenced
by the appearance of the vortex center above, below, and to the side
of the nozzle axis. A plausible explanation of this behavior may be
found in the inviscid flow theory (see for example, Batchelor,
Reference [110]), which predicts a spiral motion for an off-centered
vortex filament as it passes through a contraction. Figure 25
schematically shows this phenomenon. In our case, it seems that
manifold C is mounted slightly off center, causing this kind of
behavior. The condition of axisymmetry for the swirling jet
generated by manifold C is achieved at x/D = 1.0, as will be
discussed later in this section. The forced vortex, i.e. the solid
body rotation flow, produced by manifold A is axisymmetric as it
emerges from the nozzle.

The radial distribution of mean axial velocity at the nozzle
exit is shown in Figure 26. It is the nature of vortical flows, in

general, which would not allow flat-top axial velocity profiles to
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be generated. The differences in the axial flow distributions at
the nozzle exit produced by manifolds A and C, as shown in Figure
26, could be directly related to the size of the vortex cores
generated by these manifolds. Furthermore, the condition of near
axisymmetry is observed for the swirling jet generated by manifold
A, while that of manifold C is still asymmetric.

An evidence of a very strong inward (i.e. negative) radial flow
is revealed in Figure 27 for the manifold-C-generated swirling
flow. Further, the magnitudes of the radial and axial velocity
components are comparable in this case in the near field. Hence,
widely accepted boundary-layer—-type approximation, i.e. V/U ~ 0(e),
made in the theoretical analysis of rotating jets is invalid in the
near field of even moderately swirling jets (e.g. with S = 0.48). A
nanifestation of this assumption, i.e. V/U ~ 0(e), on the radial

momentum equation leads to the radial equilibrium condition, i.e.

_1ap _ v
P T

(5)
which is also invalid for the rotating free jets of the type
generated by manifold C and depicted in Figure 27. The driving
force behind such a large radial inflow is the radial static
pressure gradient associated with the core of such concentrated
vortex filaments indentifying this as a pressure-driven

phenomenon. The axial velocity peak observed in the jet center (see

Figure 26) is the continuity-consequence of this radial inflow. The

flow generated by the largest manifold, i.e. A, experiences mild
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radial inflow and is axisymmetric. The rotating flow produced by
the smallest manifold, i.e. C, is asymmetric and, as shown in the
latter parts of this section, will remain asymmetric up to x/D = I,

Figure 28 reveals a static pressure deficit in the core of the
swirling jets, produced by manifolds A and C, x/D ~ 0.06. The depth
of the pressure trough for the concentrated vortex flow, i.e. the
one generated by manifold C, is nearly 2.5 times that of the large
core vortex, ji.e. due to manifold A. We also note the similarity
between the radial velocity and the static pressure profiles as
plotted in Figures 27 and 28. Again, the symmetry and lack of it
could be seen in the A- and C-generated flows, respectively.

The axial evolution of the mean tangential velocity is plotted
in Figure 29 (a) and (b). In part (a), the manifold-A-generated
swirling flow 1is clearly axisymmetric and shows a rapid decay with
axial distance. Beyond four diameters, the mean tangential velocity
in the jet is so small as to make an accurate measurement with the
five-hole probes questionable. The initial offset between the jet
and the nozzle geometric center is clearly visible, in Figure 9 (b),
for x/D < 1.0. Beyond one nozzle diameter, the two centers
coincide. Moving towards the condition of axisymmetry, i.e. the
self -centering action of the jet, is a natural tendency we observed
in our experiments. Comparison of parts (a) and (b) of Figure 29
also reveals that the concentrated vortex, i.e. due to manifold C,
decays at a slower rate than the solid-body rotation flow induced by

manifold A, up to four nozzle diameters.
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Widely different axial evolution of the mean axial velocity
profiles, for the two swirling jets generated by manifolds A and C,
is noted from Figure 30 (a) and (b), respectively. The large core-
vortex flow, i.e. (a), shows a continuous gradual decay of the mean
axial velocity component along the jet. The small core-vortex flow,
i.e. (b), demonstrates a central trough or a double~hump profile
associated with the swirl numbers higher than 0.48 (namely 0.6).
The nean centerline velocity on the jet axis, i.e. r/D = 0, in part
(b) shows a rapid initial deceleration followed by an acceleration
period which has never been reported for S = 0.48 jets. Upon
further examination of the mean axial velocity between three and
four diameters, we observed that the small-core-vortex jet with S =
0.48 was on the verge of vortex breakdown, as shown in Figure 3l.
The forward and rear stagnation points, both very close to the jet
axis, exhibited an unsteady behavior, as had been noted in the
earlier vortex breakdown experiments. The fact that a swirling jet
has been brought to the point of breakdown at a swirl number (i.e.
0.48) significantly lower than the critical value was assumed to be

(i.e. S Z 0.6) is the most remarkable result of our mean—-flow

crit
investigation.

Downstream development of the mean radial velocity is shown in
Figure 32. In part (a), a very minor radial inflow is measured
which quickly disappears as the jet evolves in the axial

direction. The small core-vortex flow, i.e. (b), due to larger

inflow radial velocities, persists longer than (a) and, as shown,
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decays to nearly zero radial velocity in about five diameters. The
mean static pressure deficit in the swirling jet within the first
three diameters of the jet evolution is plotted in Figure 33. The
strong adverse pressure gradient along the jet axis, measured for
the small core-vortex flow, i.e. part (b), is recognized as the
principal contributor to the onset of the vortex breakdown, as noted
in Figure 31. The mean flow data for 10 radial stations in the near
field of both flows (x < 5D) are tabulated in Tables 1 through 20.
The decay of the mean tangential velocity maximum with axial
distance is shown for the jets generated by manifolds A and C in
Figure 34. The forced-vortex case, i.e. the one produced by
manifold A, exhibits continuous decay along the jet while the small-
core vortex initially develops in an irregular manner, at least for
x/D < 1.5, then follows the same trend as the forced-vortex flow.

Up to four diameters, the mean tangential velocity maximum of the
manifold-C-generated flow decays at a slower rate than the manifold-
A-produced swirling jet. Beyond four diameters, the tangential
speeds are very small, and identical behavior is measured for the
two jets.

Figure 35 shows the continuous decay of the mean axial velocity
maximum along the jet axis for a downstream distance of twelve
nozzle-exit diameters. The two jets behave in a very similar
manner; however, the small-core-vortex jet decays faster than the
forced-vortex flow. Finally, the decay of the mean axial velocity

along the jet axis is presented in Figure 36. The swirling jet
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produced by manifold C is on the verge of breakdown, while that of
manifold A exhibits classical behavior for this level of swirl
number, i.e. 0.48. Mean flow data along the jet centerline are

tabulated in Tables 21 and 22.

5.2.2 Fluctuating Flow Field

As mentioned in Sections 3.2.2 and 3.2.3, streamwise turbulence
intensity and overall sound pressure level were measured along the
jet centerline with a single-element hot—film probe and a B&K
microphone, respectively. Along the jet axis, the tangential and
radial components of mean velocity are negligible compared to the
streamwise component; and therefore the results from a single-
element hot-film probe are assumed to represent the actual
streamwise values. The validity of the above assumption is shown in
Figure 37 where the results of the hot-film and five-hole probe
measurements along the jet centerline are compared and observed to
be in excellent agreement in the near field (x < 4D).

Streamwise turbulence intensities and overall sound pressure
levels are tabulated in Tables 23-25 and are compared for the two
cases in Figures 38 and 39, respectively. As can be seen from these
figures, the flow generated by manifold C has much larger turbulence
intensities and higher OASPL than the flow generated by manifold A

in the near field.
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5.3 EXCITABILITY EXPERIMENTS

One of the objectives of the present investigation was to
obtain a basic understanding of the response of cold swirling
turbulent free jets to acoustic excitation. To our knowledge, this
is the first attempt to study the effect of excitation on a swirling
jets As a first step, a free swirling turbulent jet, with a swirl
number of 0.35, is excited internally by plane acoustic waves; and
the results are compared with a similar jet without swirl. Only
experimental results are presented in this paper, and further
studies are needed to understand the mechanism of interaction.

For both the swirling and nonswirling jets under investigation,
the mass flow rate is held approximately constant at about 0.64
kg/sec (l.4 lbs/sec). The swirling jet mass flow rate was measured
with an orifice meter, while that of the nonswirling jet was based
on the area integral of the axial velocity profile at the nozzle
exit. The Mach and Reynolds numbers based on mass—averaged axial
velocity at the nozzle exit are 0.26 and 5.8 x 105, respectively.
The swirling jet has a swirl number of 0.35.

The radial distributions of the time-mean axial velocity,
measured at x = 0.06D, for the swirling and nonswirling jets is
plotted in Figure 40. The form of the profile for the swirling jet
deviates from the flat-top shape of the nonswirling jet as
expected. The rapid expansion of the swirling jet is also
noticeable in this figure. The time-mean tangential velocity

distribution at x = 0.06D for the swirling jet is shown in Figure
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41. The distribution is in the form of a Rankine-type vortex
(combined free and forced vortex). The geometrical and the jet axis
coincide from x/D » 1.0, The decay of time-mean axial velocity
component along the jet centerline for both flows is plotted in
Figure 42. The length of potential core is about four diameters for
the nonswirling jet. In the case of the swirling jet, the decay of
the time-mean axial velocity starts from the nozzle exit.

To examine the effect of excitation on the swirling jet and
compare with the excited nonswirling jet, both flows are excited
internally by plane acoustic waves upstream of the nozzle inlet. To
isolate the effect of excitation frequency, the sound pressure level
is kept constant at 126 dB for both jets at all excitation
frequencies, measured at the center of the nozzle exit.

Figures 43 and 44 illustrate the growth of the instability
waves triggered at different excitation frequencies for the
nonswirling and swirling jets, respectively. It is observed that
the swirling jet under investigation, as well as the nonswirling
jet, is excitable by plane acoustic waves. At equal excitation
frequencies, the instability waves grow about 50 percent less in
peak rms amplitude in the swirling jet, as compared to the
nonswirling jet. This difference is not unexpected, as linear
instability theory states that the stability of the free shear
layers depends upon the detailed velocity distributions. Here we
are dealing with two jets which are entirely different as far as

velocity and pressure distributions are concerned. It is also
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expected that the growth of the instability waves should also depend
upon the swirl number which affects the velocity and pressure
distributions.

For the nonswirling jet, the location of the maximum growth of
the instability waves is approximately at the end of the potential
core (x = 4,0D). This is in agreement with the observation in the
literature that the axisymmetric disturbances achieve their peak
amplitude near the end of the potential core (e.g. Ref. [l11]). For
the swirling jet, the potential core does not exist and the maximun
growth occurs at about x = 2.5D. This location should also depend
on swirl number.

The variation of the peak rms amplitude of the axial velocity

fluctuations on the jet axis versus the Strouhal number (St = Ej}lz

is plotted in Figure 45. From this figure it is observed that th:
maximum growth of the instability wave 1s measured at a Strouhal
number of 0.4, based on mass—averaged axial velocity at the nozzle
exit for both cases. This is In agreement with the results quoted
in the literature for the nonswirling axisymmetric jets (Ref.
[79]). For the swirling jets, the effect of swirl strength on the
preferred Strouhal number requires further investigation.

Even though significant improvement in jet mixing, as a result
of excitation, 1s measured in our facility for nonswirling jets
(Ref. [109]), no change is observed in the mean velocity componeats

of the swirling jet due to excitation. Two plausible explanations

may be forwarded, namely: a) The presence of strong static pressure
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gradients in the near field of a swirling jet (with moderate to
strong swirl) overwhelms the turbulence-induced shear layer growth,
and b) higher initial turbulence level of the swirling jet as
compared to its nonswirling counterpart dampens the growth of the
shear layer instability wave. The effect of core turbulence
intensity on the mixing and excitability of an axisymmetric,
nonswirling cold free jet is examined by Raman et al. (Ref. [l12]),
which supports our argument. External excitation by helical waves
with a more powerful excitation device may be beneficial.

It should be noted that as the swirl number exceeds the
critical value of 0.60, or as the initial tangential velocity
distribution approaches a free-vortex profile, a recirculating zone
starts to develop and therefore drastic changes in the response due

to excitation are expected.

5.4 EFFECT OF SCREEN

The effect of screen on the swirling flow is investigated by
placing different screens upstream from an 8.89 cm (3.5 in) diameter
exit nozzle. Two flows were compared for the effect of screen as
follows:

a) A flow with swirl number of 0.52 and having an initial

swirl profile of Rankine-type vortex dominated in the free
vortex part (having small vortex core) generated by

manifold C.
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b) A flow with swirl number of 0.34 and having an initial

swirl profile of Rankine-type vortex dominated in the

forced vortex part (having large vortex core) generated by

manifold A.

The screens tested were 50 x 50, 30 x 30, 6 x 6, and 4 x 4 mesh

‘standard screens. The percent reduction in swirl number is

tabulated in the following table:

Screen Mesh Size Swirl Number

Percent Reduction in Swirl Number

0.52 46%

50 x 50 e e
0.34 53%
0.52 27%

30 x 30 ——— e
0.34 38%
0.52 0%

6 x6 0 e - --
0.34 18%
0.52 0%

4x 4 mmmmeme—eee o e
0.34 6%

From these results it is observed

that the effect of screens is more

pronounced on the flow with lower swirl number in all cases. This

can be as a result of the initial

swirl distributions of the flows

under investigation. It seems that the swirling jet with smaller

size vortex core can penetrate through the screens with less

reduction of its swirl number.
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6. SUMMARY AND CONCLUSIONS

The following summarizes the major conclusions of our

experimental investigation:

ae

be

d.

Initial development of a subsonic swirling free jet is
dominated by the nozzle exit tangential velocity
distribution.

Vortex breakdown in swirling jets may occur at
significantly lower swirl numbers than have previously

been reported, i.e. S < 0.6.

crit
Large radial inflows will make a boundary-layer-type
approximation, i.e. V/U ~ 0(e), and its subsequent radial
equilibrium condition invalid in the near field of the
jets with moderate to strong swirls.

Reducing the size of the vortex core in a swirling jet
creates a higher swirl-number effect on the mean flow.
Reducing the size of the vortex core in a swirling jet
creates higher streamwise turbulence intensities and
higher overall sound pressure levels along the jet axis in
the near field (x < 4D). It also causes the swirling jet
to penetrate screens with less reduction of its swirl
number.

The cold turbulent swirling free jet under investigation
(8§ = 0.35) is found to be excitable by plane acoustic

waves. At a constant excitation sound pressure level of

126 dB, the growth of the shear layer instabllity waves
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depends on the excitation frequency. These waves grow
about 50 percent less in peak rms~amplitude; and the
downstream location of their maximum growth is further
upstream for the swirling jet under investigation,
compared to a nonswirling jet with the same axial mass
flux. Maximum growth of instability waves 1is observed at
Strouhal number of 0.4 for both swirling and nonswirling
jets (based on mass—averaged axial velocity). In spite of
the growth of instability waves, so far no change in the
mixing of the swirling jet, as a result of excitation, has

been observed.
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7.1

1.

2.

3.

7.2

7. RECOMMENDATIONS FOR FUTURE WORK

SWIRLING FLOW INVESTIGATION

A complete set of turbulence data to supplement the existing
mean data will give more insight into the observed phenonmenon.
Application of the nonintrusive laser anemonetry is ideal for
this complicated flow field and permits making measurements in
areas with reversed flows. Vortex breakdown phenomena can also
be studied.

Some sort of flow visualization will give visual ideas of

exactly what is happening in the flow field, what to expect
from the data, and where to concentrate most of the
measurenentse.

Comparison of measured jet evolution with the predictions of a
reliable computer code permits parametric study of the flow and

helps analyzing the observed phenomenon.

ACOUSTIC EXCITATION

From the results of this experiment, it seems that even though

the instability waves grow in the swirling jet under investigation,

no effect on jet mixing is noticed. The following improvements in

the experimental facility may be beneficial.

1) Moving the location of the acoustic drivers to the
downstream of the nozzle exit (external excitation) which
results in higher excitation amplitude and also allows

helical mode of excitation.
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2) Using more powerful excitation devices.

3) Installation of an acoustic treatment section in the

plenum tank upstream of the swirl generator.

The above improvements are being implemented in our jet
facility, and another series of excitation experiments will be
conducted shortly.

We also intend to implement the following measurements in order
to assess the swirling jet excitability more thoroughly:

1) rms amplitude based on total fluctuating velocity will be

measured.

2) Hot-wire or laser spectra to indicate the effect of

excitation on broadband turbulence will be studied.

Of course, high initial turbulence levels, in the case of
swirling jet, is another factor which reduces the effectiveness of
excitation in improving the mixing rate. This problem remains
unsolved because any attempt to reduce the turbulence level

automatically reduces the swirl number as well.
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Manifold A
(24 elbow nozzles)

Manifold B
(18 elbow nozzles)

Manifold C
(12 elbow nozzles)

Figure 2: Swirl-Generating Unit: Manifold Rings and
Elbow Nozzles (Unassembled)
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Location of Manifolds Inside the Spool Piece.

Figure 3:
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Drill 5/32" Diameter Through
8 Holes on 0.553" Diameter Circle

Drill 5/16" Diameter Through
1 Hole on Center

Bore

075" %,
0.74" Dia:

Hex Configuration
Optional

2 Screens

3/4" Pipe Thread
to Fit 7/16" to 1/2° into
Street Eibow (Furn.)

Screens (3)

50 Mesh, S.S.

NASA No. 5335-01-073-0274
Soft Solder to Nozzle

Figure 5: Elbow-Nozzle Outlet Multi-Hole Piece

98



ORIGINAL PARE

~
N

"OGRAPH

AN VAJLATT T
FiNd AR {

BLACK

8/95-98-)

*jus] WNUSTd PUB JI03BISUID

TITAS

:g aan3d1g

99



sjuauodwo) warsdg 11y oYyl jo meiderq o13PWAYOS :7 3andr1y

.D. plojluep
__“_n,_u.sow_ma .g9. PIOjIUBN
.V. PlojiuUe
Uo|l108g RuevL WNUe|Y
ot _\ oo o8 T e
1 o8
u _{ (08S8/sq| 8)
5 V.%@ * Bisd 0¥
@|2Z0N 1i1x3 ” / @
N\ o
g
(¥) s18APIQ o:-:co<L — o
s0|220N Bujpeseuen JIMG #S ﬁ ..uuo!%n_ 8) m
1sd o¢ )
|

L qle—190onpsuely einssaid

SAlBA pueH @

'®
1da 1| ‘eonpsuel] ‘dwe)

ejelq ean0 (B)

leonpsueu]
8inssald |eljusiajig @

EIENE)

A/
onewnaud-o0419813 (1)

1|
LN

ol

@i‘—' )
el

~

VFAT@ (08s/sq| 9)
Bisd G2I

® ©

wnue|d



. ToE TTC-86-5681

Figure 8: Axial Air Pipes and Controls.

Figure 9: Tangential Air Pipes and Controls.
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Figure 29: Downstream Development of the Mean Tangential Velocity
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Figure 30: Downstream Development of the Mean Axial Velocity
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Table 1:
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OF POOR QUALITY

Mean Flow Data at x/D = .06; MAN(A)
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Table 2:

ORIGINAL
OF POOR QUALITY

[
i

s = e v

hSES
< BN ey

Mean Flow Data at x/D = .06; MAN(C)

x/D P 8

deg.

@ -.339 -39,
o1 -. 282 -32.2
. 2 -.29€ -32.7
o 3 .21 -32.8

4 -. 122 -31.7
= -. 1582 -31.4

8 -. 138 -38.7
o7 -. 113 29,9

1.3 -, 873 -z7.3
1.6 - OES -z7

2.22 JBSE5S -13.9%9
2.23 <0417 ~le. &

MASS FLOW RARTE =
MACH MD. Based On Averags
REYHOLDS HO.= 32%e250

AVERAGE AXIAL VELOCITY =

1.12 Lbx=

L} 1
@ e
[(%] oW
[ (%] RS

t
£
o
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4 s
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Table 3: Mean Flow Data at x/D = .5; MAN(A)

x/D

o

- e
R |
-~ =
2.2

=
.:.-‘5

-. 132 -1.25 -1.72 B8 —g.2l
-. 187 -4,873 -1.:25 g bt -3, 4E
-. 131 -T.3% -1.82 g o] -5.9

-.182 -12.1 -1.05 a0 -3, 81
-. 175 -18.5 731 13 -—2.03
-. 162 -23.2 o 33E 127 1.18
-. 14 29,3 1.5e 17z R
-.121 ~23.1 2.89 11 .78

-.avas ~33.9 .97 139 12,9
~-. 8248 ~37.8 S.ed 124 2.9
-. 89153 ~x4 11.5 3,3 .3

L aa34s -4, 1.1 4.4 19

.B813%8 -42.1 X) a (5]

-

A1}

.
(]

[x)]
.

4, &
[ S}
=
=15
av.E

L
(2 W]

MASS

MACH HO.

FLOW RATE = 1.33 LbBS
‘Based On Average Ax

al %elocityo= 0671

REYHOLDS HO.,= 1858437

AVERAGE

“IAL VELOCITY = 208.4 fps

(Jlu... '

[R- . .“h_

OF POOR QUALITY
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Table 4:

Lactd - -
Gimuinr ppeT o
ALEY It PR

)

OF PUCR QUALITY

Mean Flow

Data at x/D

= ,5; MAN(C)

x/D

la
.3

-—
n

5 =g
[T ]

ARy I T E R R TR RSP P Y
S FLOW RRATE =
MACH HO.E
FEVHOLDS
AYERAGE R:IAL

HO.=

e

L8152

azed On

-TT 3
& Se D
ST [}

-2

~-21.z
e -
g o

195224
VELOC

ITY = 82.3

-12.;
-%.6€

5.95
-
R
12,9
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Table 5: Mean Flow Data at x/D = 1; MAN(A)

x/D P B8 )

5] ~. 165 -1.82 -2.235 135

.1 -.153 ~-5.85 ~-1.49 191

. 2 -.1e2 -7.93 -1.91 1952

.3 -.15% -18.%9 -1.7 199

o d -.15¢ -14.3 ~1.39 188

.5 -.151 -17.5 -1.82 184

.75 -. 1329 -24.3 -.9132 173

1 -.12 -9.5 1.31 161

1.25 -.839 -35.1 2.59 147

1.5 -.87ES -27.4 3.98 1335

1.75 -.843%5 ~36.9 S.71 121

2 -. 9302 =35 V.88 108

2.25 -.B137 -32.9 T.77 $9.8
2.5 cBBB2EZ -31.9 9.88 €8.7
2.75 .8ag1e -32.¢ 19.2 46. &
3 L8125 -32.4 791 av.2
3.25 0163 -33.5 -3.52 €.21
3.5 .91 -24.1 a 5]

—
[
.

oW

-1.29

1)

5]

B R Y T T I T L PP PR R P ey s I R A e 2

MADS FLOW RATE = 1.456 Lb3-Sec.
MACH HO.<(EBazed On Average HAxial Ye
FEYHOLDS HO.= 177656

AYERAGE AXIAL YELOCITY = 7S.8 fps
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PESE

Table 6: Mean Flow Data at x/D = 1; MAN(C)

x/D P B 8 U

e -. 378 -12.95 -23.3 205
.1 -.332 -Z8.¢ —E2a7 ]

.3, -.297 -38.7 -12.3 15¢
| .y o o = -

.4 -. 278 -4, 2 -9.589 129

5 -. 24 -3¢ -v.11 172

e -.01938 -26.5 16.8 121

2.25 -. 8083543 3.7 12.1 112
2.5 .BevS3 -22.3 14,4 83.7

o
-
-
[
(L]
™
F

75 . B@7z9 =22,

[AJ

w
—
=J
Y}
[0
@
an

L8187 -7,

3.25 L8173 -2z o o

-99.6 45.¢
-34.1 FB. T
-6V, 3 EE -
-%l.2 11@
-39 12
-27.49 1a%
-. 407 111
1g, % 194
12.1 az. e
2; 25,8
2v TR E
28 eS.
2e. 3 49,2

MASS FLOW RATE = 1.6l LbS-Sec.

MACH HO.{(Based On Average Hxial VYeloccitwld= .@73
REXHOLDS HNO.= 194297

AVERAGE RAXIAL VYELOCITY = &£2.9 fps
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Table 7: Mean Flow Data at x/D = 1l.5; MAN(A)

x/D P B | s U \ W

8 -.1383 -1.81 -, 208 133 -, 683 5.3
.1 -, 132 -4.71 .27 185 .3T6 15.
.2 -. 131 -7.62 -, 0437 134 -. 142 24,
.3 -.127 -18.8 L 179 151 .575 34,
.4 -.13 -14 . 241 151 1.11 45,
.S -.129 -16.6 . 5386 139 1.7¢ S3.7
.75 -, 115 -23.3 1.6 163 S.14 T3

1 -. 8957 -258.5 .64 156 8.1% 4.8
1.25 -, 8757 -32.4 3.79 123 19, % g%,
1.5 -, 0543 -33.5 4,585 124 iz.r 22, 4
1.75 -, 042 -23.2  S5.47 115 13.1 T4,
2 -. 0304 -32.4 €.3 194 13.6 B
2.25 -.0171 -39.5 7.1 91,9 13,3 S4.
2.5 -.08582 -2%.8 £.12 TE.4 12,5 43,8
.75 .B8227  -29 3. 78 €8.7 12 32,6
3 .B0583  -29.2 9.386 48.1  3.09 5.9
3.25 .8@981 = -31 9.51 33.8 £.6 20.3
3.5 .9129 -308.4 7.4 19.8 2.98 11.6
3375 .0145 -38.5 ~49 S.19 -5.06 3. 08
3.85 .016 -32.2 9 o e 2

MASS FLOW RATE = 1.861 Lb5-Sec.

MACH NO.(Based On Auerage Axial Yelocityr)= .0&3
REYNOLDS HJ.= 165469

AVERAGE AXIAL VELOCITY = 70.6 fps
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Table 8:

Mean Flow Data at x/D = 1,5; MAN(C)

x/D P, B ) U '/ W
psig deg. deg. fps fps fps
o -.323 .77 -2€.4 191 -94.7 Z.S7
.1 -.z21 -12.9 -2? 184 -9€.1 42.2
.2 -.329  -z2.9 -23.1 186 -86.2 T8.7
.3 -. 302 o lar.2 -17.6 177 -65.8 167
.4 -.277 -25.3 -14 170 -52 121
.5 -.269 -40.€ -18.7 166 -41.2 142
.75 -. 143 -42.1 -5.48 134 -17.3 121
1 -.113 -42.5 -1.55 128 -4.7 117
1.25 -. 0724 -38 2.17 123 5.94 €. 3
1.5 -. 9364 -33.5 €.17 112 14.5 T4.1
1.75 -, 0381 -30.5 €.37 120 15.5 70,49
2 -.0222 -25.9 9.48 116 21.5 S€.2
2.295 -.08772 -24.1 11.6 169 24.4 42. 2
2.5 -.@p0261  -21.2 12.8 162 24.8 29.5
2.75 -.00924 -20.6 9.85 97.1 18 6.5
3 .00416 -20.8 13.6 73 18.9 27.7
3.25 . 80536 - -22.5 19.2 52.5 10.2 21.8
3.5 .66755 -24.3 5.8 39 4.35 17.6
3,75 L0113 -28.8 .3 23.1 .138 12.7
3.85 .0157 -30.2 -€.87 3.04 -.424 1.77
3.95 @157 -31.8 e o e 6

§*§-***************************’a’-*****ﬁ***********i***********#***
MASS FLOMW MHTE = 1.91 LbS-Sec,
MACH NO.(Based On Average Axial Velocityd= .07

REYNOLDS NO.= 186328
AYERAGE AXIAL VELOCITY = 79.5 fps
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Table 9: Mean Flow Data at i/D = 2: MAN(A) -

x/D P B s U v W

psig deg. deg. fps . fps fps

%) -.8917 -2.53 1.3 163 3.9 7.18
o1 -. 8536 -5.22 2.82 122 S.75 14.8

.3 -.8552 -14 2.94 157 S.7s 3%
.5 -.8v72s -1€.2 z.36 151 6.48 13,3
75 -.8748 -2l.¢ 2.97 146 3.15 ST.2
1 -. 9524 -25.9 Rl 134 19.2 &9
1.25 -. 047 -27.%6 4,72 122 11.4 63.7
1.5 ~. 8361 -23.2 .36 111 11.3 Y. e
1.73 -.gz92 -28.95 S.93 193 11.3 £S.9
2 -.8175 -28.3 €.43 91.4 11.7v 43,2
2.25 -.8128 -27.3 E.24 54.7 19.4 43.7
2.5 -. 808607 -27.2 €£.97 74.4 lo. 2 e, 2
2.75 -.883313 -25.%& r.81 ed.6 9.54 21

3 . 0013 -2&.7 LT S?.5 8.62 B3
3.29 . 80539 -26.8 2.53 47.7 3.01 24.1
3.5 . BB3?1 -2?.7 .88 37.3 5.17 13.9
3,73 . 8131 -Z?.7 9.56 29,1 4.64 12.7
4 .815 -z8.9 T.29 11.8 1.587 €. %1
4.25 .81686 -38.8 5] (%) 5} J

AEEFEEFFRRF RIS R R F RS S IR AR FF A S A RS R LR R ER R AR ARSI F RSB FFEFS R LR R E R RS0 S
MASS FLOW RATE = 1.74 LbS-<Sec.

MACH HO.(Bxsed DOn Average Rxial Velocityi= .048

REYHOLDS HND.= 127831

AVERAGE RAXIAL VELOCITY = 54.2 fpz
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Table 10: Mean Flow Data at x/D = 2; MAN(C)

147

x/D Py B $ U 1 W
psig deg. deg. fps fps fps
0 -.192 -.172 -3t 135 -80.8 L3484
.1 ~. 183 -8.93 -31.3 131 -ge.3 &3S
.2 -.199 -21.9 -25.7 137 -71.1 S5
.3 -.217 -29.5 -17.4 148 -53.4 g3.8
o4 -.284 -24.,7 -11.8 142 -37.7 1872
S -.19 -38.2 -8.089 147 -26.5 118
« 7S ~-. 126 ~-41.,1 -2.865 136 -7.98 113
1 -.6771 -46.7 ~. 355 111 ~.9088 95.7
1.25 -.6558 -39.6 ~-.334 99 -. 749 &1.9
1.5 ~. 083686 -37.5 219 8.6 418 Y )
1.75 -.0155 -34.2 .817 74 1.28 @, 3
2 -.08286 -33.7 -. 231 g-i -. 378 T2
2.25 -. 0149 -28.9 &. 26 vE.8 3.7 43.5
2.5 -.808495 -24.5 €.839 74.8 9.92 4.1
2.75 -. 00558 -23.6 5.92 772 5.74 33.7
3 .B@1e61 -19.2 9.93 ve.9 13.1 24,7
3.25 0641 -19.¢6 16.9 €4.8 13.3 23.1
3.5 . QBEEE -1%.¢2 19.4 Se.1 18,8 19.5
7?5 .86734 -18.¢ &.07 4E. 6 €,97 15.7
4 . 88956 -18.2 £.58 8.9 4.73 12.8
R

continueS.eo



Table 10, concluded

x/D P8 8 8 U v W
psig deg. deg. fps fps fps
4.1 .80%64 -19.7 . E95 32.3 . 362 11;6
4,2 .2185 -22.8 -1.84 28.5 5962 12
4.3 .0124‘ -24 2.9%2 26.1 1.4¢5 1.2
4.4 8169  -23.6 26.9 15.1 8.36 €.59
4.5 .0167 -24.5 6.9 11.86 €.5 S .31
4.6 .017 -z2 & o ) o

AR EEE RS R R R AR PR ERE RN R R TR NI PR R R P LS R REF AR R FFERF RS o T
MASS FLOW RATE =
MACH HO.(Based On RAuverage Axial
REYHOLDS HO.= 139687
AVERAGE RAXIAL VELOCITY = S59.86 fps

2 LbS~sSec.
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x/D P, 8 8 U v W

psig deg. deg. fps fps fps
) -, 8535 -1.6€ z.42 139 5.67 4.02
o1 -. 0475 -4,76 4.15 135 9.82 11.2
.2 -.esea . -6.4 2.75 139 6.71 15.6
.3 -.e492  -2.64 3.24 135 7.72 20.5
.4 -. 0512 -11 3,37 13€ g.1¢ 2€. 4
.5 -. 0561 -13.5 3.47 134 8.35 22.1
7S -. 0437 -17.2 4.36 128 18.2 39.6
1 ~. 0376 -20.6 4.92 120 11 45.1
1.25 -.08285 -22.4 S.46 110 11.4 4%. 4
1.5 -.az12 -22.5 £.16 103 12 2.7
1.75 -.D1E9 -23.3 €.08 95.5 11.1 41.1
2 -, 00988  -23.3 £.56 8€.8 10.9 37.4
z.25 ~. 0674 -23.4 €.32 81.4 9.82 35.2
2.5 -. 006131 -23,2 ©og.21 70.3 11 30.1
2.75 -.00114 -22.6 €.64 €8.8 8.68 28.6
3 .80359 -23.2 7.97 59.2 3.01 25.4
3.25 .00616°~ -23.5 - 7.52 52.1 7.5 z2.7
3.5 .00889 -24.6 6.91 45.1 €.01 26.6
7S .0126  -25  8.74 33.5 5.68 15.6
4 8121 -25.3 6.29 31.3  3.82 - 14.8

continues..o

149



Table 11, concluded

x/D P 8 8 | u v W

psig deg. deg. fps fps fps

4,25 L0158 -25.3 1a.2 12,2 2. 24 .99
3.9 L1357 -28.8 -2.23 15 - 3ET .27
3.6 LO1E3 -28.5 -1a.8 12.1 -2.€2 .l
4.7 .B1€9 -23.,% -22.9 T3 -5.29 3,37
4.8 L8117 g o I} %}

MASS FLOW RATE = S.
MACH HO. EBassd On RAuerage HAx
FEYHOLDS HO.= 123847

A%ERAGE AXIAL WELOCITY = 52.5 fps

al Yelocitylr=s 846
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Table 12: Mean Flow Data at x/D = 2.5; MAN(C)

x/D P B s U \' W

o

5] -. 8579 -. 8504 -38.9 re.3 -5&.5 L0es
.1 -.B57z2 -9.94 -IEL.3 1.3 -53.2 12.9
2 -.BT:%‘ -17.5 -2 =1 -42.4 G
«3 -. 977, =25 -19.8 9.3 -37.& 43.2

5 -. 8747 -31.4 -2, 21 195 -1v. 2 £33
75 -, 8858 -33.3 -1.15 114 -2.73 4.9
1 -. 8432 -32.8 &.1 164 4.55 7.1
1.25 -. 8277 -31.2 3.29 24,5 c. 35 SV
1.5 -. 8221 -3l 2.3 &e. S 4.1z S

1.75 ~-. 0138 agcd 1.589 va.8 2.9 34,3
2 -.8183 -29.9 1.49 ) Z. B8 40

2.2%5 -.80437 -z8 1.3%3 £3.3 1.74 3L
2.5 -. 88361 -z7.1 LE3SY €1.2 .7E5 1.3
2.75 -4.91E-5 -24.9 e S5&8.4 539 Ze. 6

©w
@
[xx)
o«
AV
-~
!

)
[
"
"
QQ
-4
an
$a
4a
38
0
on
[0
[ O}
f

2.25 .Ba352  -21.6 3,27 SE 3,45 so.z
3.5 L0073 -19.2 5.89 =1 5.5% 17.&
3N7S L0126 -18.4 .z 40 £.83 12,3

continues...,
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Table 12, concluded

x/D P8 B § U v W

psig ' deg. deg. fps fps fps

4 L8137 -17 9,62 38.1 6.39 11
4.25 L6134 -17.9 g.39 35. 4 S, 49 11.4
4.5 L8151 -19.3 7.48 25.3 2,74 3,54
4.6 L0143 | -28.2 -.214 23,z -, 836 3,59
4.7 @161 -16.7 4.2 - zo.s 1.59 S.23
4.8 L8161 -17.8 .48 21,8 3,41 .99
4.9 L0154 -17.3 .56 S.52 Leaz 1.72
s .6181 -17 25.9 2,2 4,88 z.21
S.1 L8159 -14.5 5 ) o o

P I L T R I T PR PR R Ry e A Ry Y
MHSS FLOW RATE = 1.3 Lb35~-Sec.

MACH HO. Based On Awverage Axial Yelocitui= ,041

REYHOLDS HO.= 118391

AVERAGE RXIAL VELOCITY = 47.1 fps
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Table 13: Mean Flow Data at x/D = 3; MAN(A)

x/D P B 8 U v W

(5] . 032 -2.a7 .19 128 €, 59 4.33
1 ~-. 82683 -2.89 5.38 117 11 FeRS
. 2 -. 8313, -5.76 .51 119 7.4 12
.3 -.68318 -7.a7 3.6 119 7.5 14,7
.4 -.8zav -s.el 4.1¢8 117 .ol 17.7
] -.8284 -10.1 4.15 11¢ g.52 20,5

1.1 -. 8171 -1e.5 S.48 laz 1.2 L I
1.4 -. 0151 -1 S.41 375 3.7 1.7
1.7 -, BR979 =124 S.99 H0.9 18 Zixel
< -. 38531 -19.4 €.351 S2. 5 9.99 =3.1
2.3 -. 03292 -12.9 €. 77 vl 9,67 .4
2. -.88143 -13.7 [ 3] T1.8 .7 &SV
2.9 .Beze9 -26.4 .79 c€d.1 2.14 Zz.8
3.2 LoBd4e4 -19.8 €.64 S7.1 7.87 8.6
3.9 ., 0ase -21.5 .88 47.4 v.22 12.7
3.8 .01682 -3 -3 41.7 €.&7 17.7
3.1 .812? -23.9 .52 3.2 S.42 14.4
424 8154 -£3.95 1.2 2.1 4.33 9.6

4.7 L8115 —ED. e 3.47 21.4 1.44 1.2

continues...
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Table 13, concluded

x/D P 8 6 U vV '

psig deg. deg. fps fps fps

= L0163 -25.7 -k 14,5 . 183 P e
5.2 817 -25. 7 -2z V.l -4.933 I

S.4 .61?4‘ -27.1 ] %} %} 3
MASS FLOW PRATE = 2.95 LBS-S
MACH MO, Based Dn Rueragde Axial Yelocitwis (04
FEYHOLDS HQ,= 188641
AYEFRAGE A-IAL WELOCDITY = 45.5 tps=
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Table 14: Mean Flow Data at x/D = 3; MAN(C)

x/D P B § — U \ )

-24.2 S5.6 -26.4 15,3
.4 -. 0057 -22.1 -15.7 49.5 -18 2.1
.S -.825 -23.4 -11.2 73.9 -1¢ e
.8 -.9322 -26.4 -.475 94.8 - 877 47,1
1.1 -.0232 -25.5 2.12 93,7 3,85 44,7
1.4 -.0162 -24.3 3,57 59.1 .03 4a,z
1.7 -.011 -24.1 3. 83 1.7 5,93 TELS
2 -.80485  -23.€ 4.87 71.8 .65 1.4
2.3 -.80247  -23 3.76 €5.1 4,65 ir.e
Z.8 .e8223  -22.8 .23 5S.a 2.34 Rl
2.9 .08368 -22.2 1.96 52 1.92 1.z
3.2 .899%78  -Z21.5 4.6 40.6 2.51 15

continues...

155



Table 14, concluded

x/D P B8 ) A U \Y W

S @174 -15.4 3.53 12.9 2.28 .9
S.2 Le17 -15.4 .01 7.083 L BEA7 2.6
S.d4 L81v3 -13.8 -5.93 13 -1.39 2.1
S.8 .0138 ~13.9 -33.8 2,29 -4.31 1.9
5.8 L8137 -14.¢ %] 9 g %)

MARSS FLOW RATE = 1.86 LbZ-Sec.

MACH HO.(Rased On Auverage Axial YWelocitwi=s .03
FEYHOLDS HO.= 82E71.9

AVERAGE RA=IAL VYELOCITY = 25.7 fps

[
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Table 15: Mean Flow Data at x/D = 3,5; MAN(A)

x/D P ] s U

g -.91a? -1.7 4.082 1e4
o1 -. 8133 2. 36 €. 88 181
ol -. @175 -4.85 4.1%5 184
.3 -.U14é -5.65 4.7¢ 18
.4 -.B123 ~£,39 4.8 R
.5 -. 8135 -V.52 4, 9¢ 191
] -.B8123 -9.9& S.o9 95.9
1.1 -.81088 -1z.4 S.2 2.5
1.4 ~.8p583 -13.3 .95 =11
1.7 -. 90452 -14.4 E.74 22,3
2 . B005845  -15.2 V.74 V3.6

2.6 0Bz 15,9 .82 5.1
2.9 . 80403 -16.9 V.82 €1.5
3.2 80411 -18 B6.72 S8.2
3.5 . 80€48 -13.5 €. 54 S1.8

[\
-~d
o
a
H
W
w

3.8 . 08397¢ -19.;

4.1 .o111 -28.7 v.99 37.9
4ad .B113 -1 €.72 35.1
4.7 L9139 -28.9 .02 26,7
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17.3

continues...



Table 15, concluded ‘

x/D P B -8 U v W

psig deg. deg. fps fps fps

s L9136 -24.7 4,21 25.3 2.85 11.5
5.3 L8154 -23 -5.22 15.6 -1.55 .54
5.6 L8169  -23.7 ) G 8 @

MASS FLOW RATE = 2.21 LbS-Se

MACH HO, (Bazed On Auvsrage A
FEYHOLDS HO.= 1852349

AYERAGE RAIAL WELOCITY = 44.9 tps
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Table 16: Mean Flow Data at x/D = 3.5; MAN(C) . d

x/D P 8 5 ' U v W

e -. 08207 -1.,35 -28.7 45.2 -17.1 1.a%3
o1 .91e€ -5.39 ¢ (%] %] 5]

w
!
@
[}
—
=4
(*\}
]
—
L)
o
|
—
P
w
(L}
[ K]
(L}
1
—
[

L
—
DX
—

4 -. 8188 -13.8 -&.32 &S -9.79 s

=] -.9111 -15.¢ -£.19 &V 3 ~-7. 5S¢ 15,8
.8 -.9158 ~18.9 -1.54 TE. S -2 ET7 =74
1.1 -.0134% -19.2 1.43 g2z2.% 2.1%9 SF.B
1.4 -.6l182 -18.¢ 2.76 &1.7 4.1 v. g
1.7 -. 00523 -18.3 3091 TE.8 S.52 9.4
2 -. 90376 -18.1 4,29 TEL3 5.7 iy
2.3 .80808735 -17.6 5.495 €3.%5 £.37 B, 2
2.¢€ aB181 -1&. 3 4.683 =3.1 5. 04 15,9
2.9 Bas3? -15.9 3,36 49,6 3.ev 17

3.2 . 983883 -Z@. 2 d.ed 40.4 .74 14,9
3.5 L8143 -19.3 Z.81 35.4 1.84 12,4
3.8 .811S -138.4 <391 31.2 225 19,4
4.1 L8131 -21.1 -2.23 25,8 -1.%5¢ I b
4.4 L8159 -12.7 -&.71 13.9 -2.249 4.9
4.7 L8917 -17 -11.5 E.75 -1.44 Z, 98

continuess..
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Table 16, concluded

x/D Py 8 § . U v w
psig deg. deg. fps fps fps
S LA177 -17.1 %) e 9 a
5.3 9171 -13.9 o 9 a 9
5.6 .B168 -12.2 e 9 @ 8
5.8 L0131 -3.e7 8 9 2 8
6 .818 -9.57 @ ) 8 a
€.2 . 8183 13.1 %] 2] i 9
c.4 .8182 11.3 [} (% (% (5]
5.6 . 81895 63,4 a 9 9 4

F RS RS R AR RN LS FF AR R R PR FF R RSN RN R IR R FFF SR SRR eSS s tny
MASS FLOW RATE = 1.51 LbS-Sec.

MACH HD.(RBazed On Average Axial “Yelocitul=s .@19

FEVHOLDS NO.= S51562.5

AVERAGE AXIAL VELOCITY = 22 fps
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Table 17: Mean Flow Data at x/D = 4; MAN(A)

x/D Py 8 § U v W

psig deg. deg. fps fps fps
o -.a112 -1.4 4.22 94.7 6.98 2.31
o1 -. 908561 -2.38 7.14 91.4 11.5 2.77
2 -.08993 ~3.34 4,E5 94.1 7.86 S.4%

.3 -.e1062 -4.85%5 4.54 94 7.5 V.23
. 4 -.818% -4.79 4.10 94.4 €.9 Te31
5 -.8114 -6.16 4.57 9%.1 V.64 19,3
.8 -.pered -8.27 4.288 £9.9 7.75 121
1.1 -.008617 -9.32 S.29 £€.6 8.12 14.2
1.4 -.088457 -18.3 S.34 g2.7 7.86 15

1.7 -.8082€7 -1&.1 S.97 vE.6 8.4 1.3
2 . 800181 -12.8 €.45 2.4 2.39 1€.4
2.3 .0614€ -13.4 6.35 €8.2 7.8 1e.2
2.6 80321 -14.1 €.74 €3.7 7.76 15

2.9 . 00443 -14.9 €.43 S39.¢6 €.9¢ 15.9
3.2 9854 -15.¢ €.83 SE.3 7 15.7
3.5 .008749 -16.1 €.74 $8.5 6.21 14.¢
3.8 . 00385 -17.2 €.48 46.5 5.52 14.4
4.1 . 86976 -17.5 €.53 41.8 S.01 13.2
4.4 L0117 -19.9 6,39 335.3 4.21 12.8
4.7 JB132 -21l.4 &.44 29.9 4.77 11.7

continues...
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Table 17, concluded

x/D P B ) U v w

S 8128 ~22.3 4.7 8.8 2,57 12.1
5.3 L8142 -23.8 4.14 =3 1.82 14a.

5.5 L0157 -24.4 £.76 15.2 1.368 €. 3

S.7 <9159 -22.6 g.27 14.8 2.32 €, 3
5.9 L8159 -21.5 -*.83 14.1 -. 586 S.9

.1 L8163 -28.8 -18.8 €.25 -1.2¢ Ry |
€.3 LB171 24,7 5] 9 5] g

R R I e L R sy R R R TR TR R LR PR PR PR R g
MHASS FLOW RRTE = 2,42 Lb3-3ec,

MACH MWD, (Based On Average Axial Yelocityr= ,834

FEYHOLDS HO,= 904€8.8 )

AYERAGE AXIAL VELOCITY = 328.6 fps
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x/D

-.80535 -6.79

-.006374 , -7.73

-. 88627 -19.7
-. 86788 -13.86

-. 8B559 -14.4

L9113 -28.2
.0141 -13.2
.0148 ~13.4

5.15
1.29
-.489

-1.12
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-5. 989 1.5
-1.43 Rk
-4.76 7.56
-4.4 &.73
-3.€ 11,7
-2.¢ 13,3
L2116 13
2.08 19.5
3.99 0,
4.74 18.5
5.79 17. €
4,43 17.4
4,8% 15.5
3.72 16.1
.99 12,7
3.7 13
. 826 2.2
-. 239 11.€
-.457 7.68
-z.2 £.32

continues...



Table 18, concluded

x/D Ps [} 6 U v W
psig deg. deg. fps fps fps

S .8161 -28.2 -21.95 g.e3 -3.862 3.18

5.3 8166 -22.9 8 (5] %) a

B g g g g S Y S LI oSSR TR RS2 22 2 R 2 2 XL R LRSS
MASS FLOW RATE 3 1.67 LbS-Sec.
MACH NO.<(Based 02 Ausrage Axial Velocityr= .833

REYNOLDS NO,= 88359.4
AVERAGE AXIAL VELOCITY = 37.7 fps
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x/D Py B ) u \Y W
psig deg. deg. fps fps fps
(%) -. 60468 -2, 26 4,77 84.4 7.65 .23
ol L Ba28e -2.41 S, 24 78.3 12.6 3.29
. 2 -. 8835 -2.42 5.17 g§3.2 7.54 4,97
3 -. 88361 -3.42 4,97 83.2 7.2%6 4.97
4 -. 38228 -4,12 5.6 81.5 5.01 S5.87
.9 -. 80221 -4,2 .48 82.1 7.e9 €, 0
. 3 -.azll -5.58 S.2¢ 81.7 7.5¢ 7.8
1.1 -.80131 -5,27 5.73 V8.3 7.9 8.6
1.4 -.PpB561 -7.63 S.87 7S.7 7.57 9,24
1.7 -.8Q8382 -V.9 5.59 74.5 ?.35 16,3
2 .BEBB7E9 -9.52 6.32 71.3 8 12
2.3 . B8z7 -18.2 €.1¢ €6.2 ?.25 11.9
2.6 . 88352 -18 &.19 €3.6 e 11.2
2.9 . 866353 -12.3 5.68 €1.2 6.23 13.3
3.2 . 38377 -12.9 5.39 $9.¢6 5.77 13.6
3.5 . 80754 -14 7.84 S 7.38 13
3.8 «80°751 -13.9 7.13 50.5 6€.49 12.1
4.1 .a1a1 -14.7 7.24 42.8 5.62 11.2
4.4 .é109 -1?7.4 8.99 39.3 S.86 12.3
4,7 .8124 -193 9.27 34.1 5.88 11.7
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Table 19, concluded

x/D P. B ) U v W

S L8128 -13.8 .19 31.1 4.7 11.2
S.3 L8131 -0 7.0 28 3.7 1.2
5.6 .9147 -21.6 19.4 z1.9 4.3 2.e7
5.9 L8149 -13.8 .28 13.3 2.98 5.3
) Ju14 ~2&3.5 S.12 - 2.2 2.17 3,64
€.1 .815 -z4.9 €.17 17.4 2.8? .88
£.2 L0182 -zE.2 €.21 15.7 1.9 Tove
€.3 L8152 -Z7.3 1.82 14.56 .529 T.79
&.4 L8152 -28.9 1.23 14.3 529 V.39
€. .9145 -23.1 2.1 12.1 1.e5 .14
£.6 +B155 -21.8 5.76 13.2 1.43 sS4
g7 LB158 -Z6 3.1 1a.7 €34 5.2
£.8 2153 -29.1 v.91 11.2 1.5¢ Eood
c.9 ., 8155 -8 2.58 11.8 683 €.

Vel a1s2 ~24.5 V.26 &.7 . 938 3.85
7.2 9164 -38.2 -40 3,85 -2.9¢6 1.7&

7.3 .8166 -29.9 (5] <) 9 5]
2R Y L I E R P Ry R TR E TR R R R R
Maes FLOW RRTE = 2.79 LbS-3Sec. '
MACH HO.(Based On Average Axial Yelocitur= ,83
REYHOLDS HO,= ?9c87,5
AVERAGE AXIAL VYELOCITY = 34 fps
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Table 20: Mean Flow Data at x/D = 5; MAN(C) .

s 8 ) U v W
psig deg. deg. fps fps fps
BsSve -2.64 8.18 g€z2.7 g.81 .23
. 68583 -3.3¢ 8.2¢ ez S.a3 2,54
-. 680449 -3.€5 3.04 €9.9 3.72 4,46
.Qoged4l , -S.14 3.5 &8 4.17 .11
-.08084%8 -5.45 2.39 9,4 3.52 £eE3
Be1z9 -5.99 2.13 Fe.9 3.9 Toedd
o713 -7.8 3.97 €8.1 4,78 9.3
8608123 -8.89 2.9 8.8 4,75 1,8
09148 -9.74 4.83 EE.7 S.71 11.4
earzy -1e.%8 4.22 67,2 S5.685 12.8
p3z8 -18.7 S5.87 2.6 5.9 11. 5
8434 ~-18.¢6 5.5 €. 5.%4 11. 2
8492 -12.1 .45 S7.3 5.59 12,3
vrez -12.7 £€.8 52. €.4 11.53
. 00549 -12.9 4.48 S3.1 4,28 1z.2
. Ba931 -13.8 7.081 44.6 5.65 11
. 8@9€5 -14.8 5.45 41 4.04 1.8
.88984 -15.8 3.92 38.€ 2.74 1.3
.8125‘ -1§.3 S.16 39.3 2.62 T.73
.8123 -19.4 1.89 28.6 . 983 16.1

continues...
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Table 20, concluded

x/D Py 8 § U v W
psig deg. deg. fps fps fps
S .8144 -19.5 « 533 20 . 137 7.87
5.1 .0139 -21.2 . 597 21.7 206 S.44
5.2 .6146‘ ~206.86 2,35 18.3 . 893 £.82
5.3 .014?’ . =22.3 -. 357 16.8 -. 113 .3
S.4 .0148 ~z21.2 -. 379 1€.8 ~-.119 £.5
5.5 .8159 ~24.4 . 581 8.18 .197 3.7
5.6 .9146 ~23 ~2.28 10.2. -.701 £.29
5.7 .8148 -25.¢ -2.33 15.5 -.392 V.41
5.8 .8159 -20 -8.19 7.67 -1.18 2.79
5.9 .8158 -25 -22.3 &8.¢¢ -2.%92 4,04
13 .06158 -Z4.8 -11.1 .24 -1.99 3.27
6.1 .016 -25.2 -31.7 4.33 -2.9¢ 2.04
6.2 .0161 -24.4 5] %] 8 &)

I Z 22X Z TS XS IE R EE SRS SR SRR AR S E RS A AL R R A R AR EEEEE SR EE R R X L R
MASS FLOW RATE = 2.82 Lb5~Sec.
MACH MO.(Based On Average Axial Yelocityl=

REYNOLDS HO.= 79921.9

AVERAGE AXIAL VELOCITY = 34.1 fps
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Table 21: Mean Flow Data along the Jet Axis; MAN(C)

x/D P, B ) U v W
psig deg. deg. fps fps fps
) -.193 -1.39 -2.38 283 -8.€4 5. 65
.25 - 137 -. 991 -2.3 z09 -2. 4 3.62
.5 - 138 -1.38 -2.45 209 -8.95 S. 04
.75 -. 184 -1.29 -1.9¢ 205 -7.03 4.61
1 -.17? -1.1 -1.39 zat -4.386 2. 85
1.3 -. 152 -1.45 -.302 194 -3.985 4.91
1.5 -. 135 -1.56 -.419 187 -1.37 5.1
1.8 - 117 -1.81 15 173 L467 S.6%
2 -.895€ -2.99 587 168 1.99 €.05
2.5 -. 005 -2.06 1.56 141 3.85 5.67
3 -. 8358 -2.27 Z.4 126 5.02 .74
2.5 -, 09183 -2 14 3.75 103 €.72 3.83
4 -.8124 ~1.54 .89 94.7 &, 36 2.94
S -.083214 -1.6 5.18 &1 7.34 2.26
€ -. 008915 -1.5% 4.€6 75 €.12 2.08
? .00356  -1.39 5.92 £5.9 6.84 1.6
8 .00618  -,224 €.43 59,4 €.7 . 232
9 .08733 -, 424 5.395 55.2 5.75 . 488
19 - . 00353 .9 €.52 50.9 5.82 -.799
11 .08103 .879 €.73 46.7 5.51 -.T16
12 L0112 1.83 7.1 43.5 5.42 -1.3%
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Table 22:

Mean Flow Data along the Jet Axis; MAN(C)

x/D
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Table 23: -

Hot-Wire Data along the Jet Axis; MAN(A)

x/D u/vuo0 Urms /UOQ
8 1 L9491
.29 1.64 . 04683
.S 1.02 .85
) . 993 L8562
1 . 967 . 0594
1.295 94 . 8704
1.5 . 893 . 3823
1.75 , 843 . .08935
2 . 781 .12
2.25 726 . 134
2.5 .E73 . 143
2.75 .613 . 152
3 .978 .14S
3.25 228 . 137
3.5 . S05 . 134
3.75 .475 12

4 .41 113
4.5 cT-S | . 104
S5 . 326 . 092e
5.9 . 337 .9824
= 29 .O74€
€.95 . 289 . 0648
? 277 . 8648
7.5 . 26 0627
8 .258 .85¢1
8.5 247 La521
9 222 . 85386
9.5 23 . 046
10 22 .B8477
16.5 214 .0487
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Table -24: Hot-Wire Data along the Jet Axis; MAN(C)
x/D u/u, Urms/Yo
5] 1 . 181
L 295 1.92 L3541
= 1.01 L0954
.7 . JEZ 3321
1 . 395 . 8303
1.85 . 9549 117
1.5 .338 . 146
1.75 .95 . 169
2 . 589 283
2.295 .814 . 248
2.9 .652 . 241
2.73 416 . 194
3 . 257 S
3.25 .24 123
3.5 . 249 117
3.7 . 243 .1a7?
4 . 246 L0332
4.5 . 241 .B739
5 . 243 LBETS
5.5 . 231 LBE28
5 .243 L B3525
€.5 . 221 . 8528
v 222 . 847?75
7.5 . 209 L8478
8 . 283 L8431
8.5 199 .B333
9 . 187 L8379
9.5 1883 . 9368
18 . 136 . 8377
16.5 .178 .0377
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Table 25: -

x/D MAN(A) MAN(C)
OASPL(dB) OASPL(dB)

(5] 136.3 146.5
.23 125.8 146.1
.3 136.1 145,93
.75 137.1 145.9
1, 138.5 145.8
1.2 139 147.2
1.5 146.1 147.9
1.75 133.5 148.3
2 139.5 “148.9
2.25 128.7 147.9
2.9 138.8 145.5
2.75 137.1 144, 2
3 135.7 139.7
2.25 124.8 127.5
2.5 133.3 134.7
3.75 131.8 133.9
4 130.¢ 131

4.5 128.9 12¢e.5
S 127.5 125.9
5.5 125.7 125

& 124.5 125. %
€.5 123.9 122. 4
7 122.5 121.3
7.5 121.1 120.7
8 120 119.6
8.5 119.7 119.7
9 119.3 118.4
9.5 118.2 118.3
18 117 117

18.5 117.6 116.7
11 116.6 11€.2
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Overall Sound Pressure Levels along the Jet Axis




Number

Al
A2

A3

Al

A3

Ab

A5

Ab

A7

A8

A9

AlO

All

APPENDIX A:

FIVE-HOLE PROBE CALIBRATION PROCEDURE

* k %k % %

FIGURES INCLUDED IN APPENDIX A

Title Page
Five-Hole Probe Calibration Curveooocooc-ooo.o.ccooo-o.A04
Five-Hole Probe Calibration Curveoooo-oc.ocoo..o-oooo.-AaS

Five-Hole Probe Calibration CUrVeooooooonoo.ooooooo--ovo6

TABLES INCLUDED IN APPENDIX A

Five-Hole Probe Calibration (M = 0.06)ceccecececcscscscAs?
Five-Hole Probe Calibration (M = 0.08)ccceccecccccscescAe8
Five-Hole Probe Calibration (M = 0cll)eeceecccccscnacesAed
Five-Hole Probe Calibration (M = 0cld)ecesccccescescssAcll
Five-Hole Probe Calibration (M = 0¢19)eececcececssesesAell
Five-Hole Probe Calibration (M = 0e¢21)cceccececosesescAsl2
Five-Hole Probe Calibration (M = 0e23)cececccescscscesAcll
Five-Hole Probe Calibration (M = 0.28).scecsccccscscscAlld
Five-Hole Probe Calibration (M = 0e3)ececesccccvccsceaAsld
Five-Hole Probe Calibration (M = 0e34)ecceccccsccsscssAcld

Five-Hole Probe Calibration (M = 0-4)-00.oo-.o.oooooo.Acl7



APPENDIX A:

FIVE-HOLE PROBE CALIBRATION PROCEDURE

The calibration of the probe is done in a free jet facility
where the flow direction can be measured within 0.5 degrees. The
first step to calibrate the probe was to set the probe tip in the
horizontal plane so that the yaw was aerodynamically nulled. This
condition was maintained by frequently checking the zero reading for
(P, - P4) during the whole calibration pro;edure. The next step
consisted of reading the output from the Digi Quartz transducers
which have an output frequency as a function of the applied
pressure. These measurements were made at five-degree increments in
8 over the range -30° < § < +25°. These pressures were then used to
calculate the following nondimensional coefficients for each pitch

angle (§8) setting:

1) Normalized pitch pressure difference, NPPD = HTP 1.
2) Normalized static pressure difference,
1/4(P, + P, + P, + P,) - P
NSPD = 1 2 3 4 s
HIP
Ps - Py
3) Normalized total pressure difference, NIPD = 0P

In the above coefficients, half impact pressure, HIP = P5

—-% (Pl + P2 + P3 + Ph) and Pg, are the five—hole prove pressures.

The above measurements were made at a range of Mach numbers ranging

from 0.06 up to 0.4, and the results are tabulated in Tables Al

through All and plotted in Figures Al through A3. These tables are



directly used in the computer program. An interpolation and
iteration scheme is applied between the tables and within each table
to increase the accuracy and include the compressibility effects.
Total Mach number, pitch angle, and static and total pressures are
calculated from this procedure at each measuring point. With yaw
angle and temperatures known, the three components of velocity
vector are then calculated.

The calibration of the five-hole probe is based on the
assumption that the calibration coefficients are independent of

Reynolds number based on the probe tip diameter.
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Table Al: Five-Hole Probe Calibration

M = .06

§ (deg) HIP NSPD NPPD NTPD
-30 .0243 «4763 3.5546 -1.1505
=25 . 0251 .7371 2.9283 ~.6932
-20 .0263 +9486 2.2417 -.3654
=15 .0253 1.1761 L.7527 ~-.2255
-10 «0259 1.2934 1.0772 -.0502
=5 . 0248 1.4420 «5530 -.0040
0 . 0242 1.5057 ~.0041 -.0041

5 .0243 1.4954 -+5591 0.000
10 «0256 1.3516 ~1.0703 -.0234
15 .0156 1.9646 =2.7910 «1479
20 .0225 «8999 ~1.8598 -.3426
25 . 0248 .7782 -2.6694 -.5766




Table A2:

Five—-Hole Probe Calibration

M= .08
§ (deg) HIP NSPD NPPD NTPD
-30 .0310 .5516 3.7032 ~1.1774
=25 .0333 . 7654 2.7970 -.6677
=20 .0355 $ 9422 2.2241 -.3693
=15 .0372 1.1063 1.6490 -.1856
-10 .0351 1.3146 1.0961 -.0712
-5 «0344 1.4407 «3178 -.0029
0 .0348 1.4201 -.0345 -.0000
5 .0353 1.3751 -.6143 -.0085
10 .0362 1.2983 -1.1160 -.0276
15 .0371 1.1578 -1.6399 -.1106
20 .0373 «9853 -2,1835 -.2760
25 .0358 . 7806 -2,8092 -.5674




Table A3:

Five-Hole Probe Calibration

M= ,11
§ (deg) HIP NSPD NPPD NTPD
~30 .0566 4741 3.6111 -1.1542
~25 .0616 «7263 2.8226 -.6837
~20 .0649 .9121 2.1881 ~+3763
~15 .0661 1.0764 1.6272 ~-.1739
~-10 .0634 1.2751 1,0926 ~.0678
-5 .0617 1.3987 4878 ~.0097
0 .0607 1.4422 -.1021 .0016
5 .0612 1.4157 -.6011 -.0049
10 .0632 1.3205 -1.1144 -.0269
15 . 0667 1.1260 -1.6594 -.0975
20 .0667 «9505 -2.1529 -.2729
25 . 0632 7799 -2.8409 —¢5732




Table A4:

Five-Hole Probe Calibration

M= .14

§ (deg) HIP NSPD NPPD NTPD

-30 .0831 .4580 3.6848 -1.1898

-25 .0923 L7129 2.8028 -.6685

-20 .0988 .8841 2.2069 -.3481

-15 .0960 1.1069 1.6461 -.1775

-10 .0929 1.2809 1.0581 -.0495
-5 0914 1.3934 .5089 -.0109
0 .0907 1.4159 -.0342 -.0022
r 5 .0913 1.3987 -.6309 -.0033
1 10 .0950 1.2812 -1.0879 -.0305
| 15 .0980 1.1367 -1.6429 -.1031
20 .1006 .9180 -2.1964 -.2675
25 L0911 .8034 -2.9039 -.6063




Table A5: Five-Hole Probe Calibration
M=.19
8 (deg) HIP NSPD NPPD NTPD
=30 .1353 4957 3.7887 -1.2814
=25 1572 .7181 2.8164 -.6586
-20 .1670 .8775 2.2105 -.3749
-15 .1663 1.0759 1.6594 -.1714
-10 +1635 1.2232 1.1089 -.0599
-5 1576 1.3665 .5528 ~-.0114
0 «1555 1.4051 -.0219 -.0013
5 .1548 1.4183 -.6480 -.0032
10 «1663 1.2195 -1.1537 -.0289
15 «1669 1.1291 -1.6809 -.1103
20 1691 «9199 -2,2575 -.2927
25 «1623 «7190 ~-2.8644 -.5823




Table A6:

Five-Hole Probe Calibration

M =.21
§ (deg) HIP NSPD NPPD NTPD
-30 .1730 .5102 3.6636 -1.2322
=25 . 1996 . 6967 2.8118 -.6843
-20 .2107 .8802 2.1901 -.3730
=15 .2101 1.0852 1.6529 -.1771
~-10 .2102 1.2110 1.0860 -.0547
-5 .2013 1.3538 . 5660 -.0129
0 +1920 1.4590 0.0521 -.0219
5 »1915 1.3762 -.5602 .0365
10 .2017 1.3069 -1.1160 -.0283
15 .2153 1.0629 -1.6728 -.1129
20 .2168 .8971 -2.2012 -.2690
25 .1999 7449 -2.8849 -.6043 -




Table A7:

Five-Hole Probe Calibration

M=,23
6§ (deg) HIP NSPD NPPD NTPD
=30 .2170 .4838 3.4280 -1.1473
=25 . 2406 «7009 2.7916 ~.6663
=20 .2516 .8853 2.2589 -.3803
-15 «3548 1.0571 1.6733 -.1817
-10 .2483 1.2354 1.0619 -.0560
-5 « 2401 1.3611 «5264 -.0104
0 .2389 1.3990 -.0100 .0029
5 «2398 1.3841 -.5855 -.0050
10 «2458 1.3035 -1.0785 -.0277
15 «2651 1.0419 -1.6945 -.1252
20 «2600 . 9269 -2.2112 ~. 2862
25 .2380 .7821 -2.9406 -.6341




Table A8:

Five-Hole Probe Calibration

M= .28
§ (deg) HIP NSPD NPPD NTPD
-30 .3054 «5025 3.4167 -1.1158
=25 . 3282 . 7357 2.8253 - —.6896
-20 +3578 .8607 2.1732 -.3631
-15 . 3457 1.1015 1.6908 -.1927
-10 .3487 1,2231 1.1331 -.0502
-5 . 3417 1.3670 .5620 -.0243
0 . 3408 1.4255 L0112 -.0023
5 .3433 1.4132 =.5776 .0044
10 »3532 1.3088 ~-1,2037 -.0405
15 .37538 1.0777 -1.6392 -.1285
20 .3772 «9201 -2.2345 -.2892
25 .3358 .8204 -2.9325 -.6597
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Table A9: Five-Hole Probe Calibration
M=.3

§ (deg) HIP NSPD NPPD NTPD
=30 .3316 «5209 3.5865 -1.2299
-25 «3727 . 7441 2.7448 -.7022
-20 .3919 «9256 2.2091 -.4037
~-15 . 4096 1.0623 1.6252 -.1611
-10 «4022 1.1988 1.1302 -.0666
-5 .3783 1.3869 . 5509 ~-.0204
0 «3797 1.3875 .0287 .0005

5 .3827 1.3629 -+5440 -.0112
10 +3906 1.2922 -1.1169 -.0364
15 4117 1.0905 -1.6385 -.1241
20 «3951 .9853 -2.2703 -.3161
25 3770 .7980 -2.8751 -.6193




Table AlO:

Five-Hole Probe Calibration

M= .34
§ (deg) HIP NSPD NPPD NTPD
j -30 .4531 .5488 3.5196 -1.1836
| -25 . 4806 .8551 2.8086 -.6980
-20 .5265 9717 2.1261 -.3694
J -15 .5431 1.0794 1.6026 -.1852
-10 5354 1.2406 1.0314 -.0637
-5 .5205 1.3553 .5130 ~.0167
0 5065 1.4237 -.0677 ~-.0085
5 4992 1.4638 -. 6004 ~.0060
L 10 .5381 1.2688 -1.1653 -.2079
| 15 .5520 1.1185 -1.6483 -.1198
20 .5645 .9351 -2.1294 -.2581
25 .5115 .8111 -2.8122 -.6068




Table All:

Five-Hole Probe Calibration

M= .4
§ (deg) HIP NSPD NPPD NTPD
-30 6201 .5200 3.4287 -1.0953
-25 . 6658 L7727 2.7578 -.6623
-20 .6958 .9606 2.1535 -.3626
-15 .7803 1.1185 1.6395 -.1635
-10 .6963 1.2666 1.1327 -.0500
-5 <6722 1.3990 .5905 -.0040
0 6582 1.4524 0469 -.0029
5 .6694 1.4238 -.4412 -.0022
10 .7063 1.2824 -.9777 -.0133
15 <7294 1.1425 ~1.5582 -.0872
20 .7409 <9596 ~2,0692 -.2401
25 .6897 .8570 -2.6205 ~.5069




APPENDIX B:

HOT-FILM CALIBRATION PROCEDURE

* % % % %

TABLES INCLUDED IN APPENDIX B:

Number Title Page
Bl Hot-Film Calibration Data...--.........................B.Z
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APPENDIX B:

HOT-FILM CALIBRATION PROCEDURE

As mentioned in Sections 3.2.2 and 4.2, some qualitative
turbulence data were collected along the jet centerline using a TSI
model 1210-20 hot-film probe. The calibration procedure was similar
to Reference [109]. The probe was first mounted on a TSI model 1125
calibrator and connected to the DISA model 55MOl anemometer by the
same cable used for actual measurements. The probe resistance was

then measured by setting the anemometer to the "resistance measure"

mode with no air flow in the calibration tunnel. The resistance
value was then multiplied by the overhead ratio of 1.5 and set on
the "decade" of the anemometer. The next step was adjustment of
bridge balance by square wave test using an oscilloscope and
adjusting gain and filter knobs of the anemometer for best
response. Finally the calibration data were taken by recording the
anemometer dc and ac output voltages for a range of Mach numbers
from zero (no flow) to 0.3. The dc voltages are tabulated in Table
Bl. The calibration data were then curve fitted to the

relationship V2 = a + b/u where Veors Was the bridge voltage and u

CTA
the axial velocity. Values of a and b which were determined and

input into the data acquisition program are

Vém = 4.1482/M % TT20 + 12.637

B.2



Table Bl: Hot-Film Calibration Data

M Vera

.025 5.992
.05 6.589
.075 7.086
.10 7.502
.125 7.885
.150 8.188
.175 | 8.467
.200 8.715
.225 8.925
«250 9.125
.275 9.304
.300 9.469
.325 9.621
.350 9.759
.375 9.883
<400 10.002
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APPENDIX C:

COMPUTER PROGRAMS

* & k k %

Section Number Title Page
C.l COMPUTER PROGRAM FOR MEAN FLOW MEASUREMENTS.:seeeeeCa2
C.2 COMPUTER PROGRAM FOR HOT-WIRE MEASUREMENTS.secoessCol?



C.1

COMPUTER PROGRAM FOR MEAN FLOW MEASUREMENTS



1

—
—

B
<!

—
M

SRS B O B O A PR O OO O A R = OB R )
ot Do 0 e e T

Do A IO o o )

$a 0 Do
D)

| OO ORI ORI O CR I N e e I N o o Y IS I Ot SiRe® UM LX)
o

4
[N

243
25
2e@
2ve
280
299
280
31w
320
338
24@
35@
3€8
3va
380
398
400
410
420
430
440
450
466
478
480
498
Seo
519
528
UUw
sS40
5548
SE@
S7e
S84
5989
€00

! ZRUN  FEB.S, 1987

I PLASTIC NCZZLE

tHEW CALIEBRATION o 3LD FROEE

I S-HOLE FROEE TRAYEL AMD READOUT
IRADIAL TRAYERSE I FOSITIYWE *C
ICOMHECT LC SMITH READOUT To 7a2

HEW CRLIEBRATION®

AMD CALCULATIONS MO

eI}

E4TERHALLY

TSCANTVALYE FEADOUT IS THEOQUGH 7o J2FEH SERY HIFE FOF

OPTION EBASE 1

M H"lx,l MBI B S WlaTa i, rmul
WF2EeTRI PLE T

DI Ma h'"'”. "B RrwwloTan,
DIM ZZR.UJ,'kT

FRINTER 2 718
INFUT "IHSERET LDATH :
INFUT “"MARHIFOLD OFEH =",Man A= E=2 u=3
IMFUT “"REFEREHCE #“-D STATIOHY,wzt

INFUT "INPUT REF 2 JTHTIHN“,::.
IMFUT “INFUT Z FIZITIWE Z-3TEF
INPUT “THPUT 2 HOQ OF ZTEFRS
IMFLUT “INPUT AMBIEMNT FRESZURE",Fa
IHFUT "IHWHPUT AMEIEWT TEMF IW DEG
INFUT "IHFUT TANK FRESSURE",Ft
IMFUT “IMFUT TAME TEMP IN TEG
INFUT "INFPUT FLENWUM PREZSSURE®
IMFUT "IHPUT FPLEHUM TEMFP",Tpl
IMFUT "INFUT MAMIFOLD A FRESSURE DIFF"
INFUT "INPUT MAWMIFOLD B FRESSUFRE IFF",
INFUT "INPUT MAMIFOLD © PFPREZSURE LIFC®
INFUT DO 50U WAMT SWIREL HO 7 <1l = YE= , & = HOD
IMPUT "DU YOU WANHT T PLUT -1 = 1E- E = NU)",
I'RTH -4ﬁ

4652, 7 L 35, .
DATH

DATA -za,.94
DATA -18,1.2
DATA &,1.585
DATA 18, 1.3
DATH
DATH
[}
DATA
DATA

INFUT EECORD HO™®

nlzc

THOUEAKDTRHE
Ay HPL  HRE (HR S

F'yTa

FU" Tt IREQ FOR ZTATIC

s Fp1

Dipa
Dpb
s D

P TR
LT

!
‘1 IJUS. au,-|q41 2
-.5514,-11,.1ab1,1.'
-.6562,-5,1.442,.553
0041,4,1 4954, -.5591
-.9234,15,1. 3u4:, -2
-d4 6,-4,-:?3;,‘L 6
‘1-11&4,44,-5;4b, .

W IIM' -
|-

— m D) -

=J
—

-vs,.1eg1 4..4;6,
5,.TE54,2.7970, -
DATA -20,.9422,2.22 15, 1. 10631, €490, -
DATA ~10,1.3146,1.8961,-.0712,-5,1.4487,.5178, -
DATH B,1,4201,-.0345,0,5,1.3751,-.6143, -. 3085
DATA 10, 1.2983, -1.1168,-,8276,15,1.1578,-1.6399, . 110€
DATR 20,.9853,-2.1835,~-.2760,25,.7886,-2.8092,-.5674
DATA 38,.5216,-3.6264,-1,8205,35,.2041,-5.0923,-1.919%
1
DATA -40,-.4432,7.6749,~3.9157
DATH -30,.4741,3.6111, 1.1542, 25, . 7263, 2. 5226, . 6837

@M =3 M

@"03
fi £O Oy =
LV RS I <

|

DATA -20,.9121,2.1881,-.3763,-15,1.0764,1.6272,-.1739
DATA —10,1.2751, 1.0926, . BE78, -5, 1. 3987, . 4878, ., 6097
DATH ©,1,4422,-.1021,.0016,5,1.4157,-.6011, -. 0043

DATA 19,1.3294,-1 1144,-.0269,15,1.126,1.6534, -, 8975
DATA 20,.9565,-2.1529,-.2729,25,.7799,~2.8409,-.5732
DATA 38,.52&6, - 3. 720 85, -1.0603, 35, .2120, -5.1349, . 1636
t

DATA -48,-.3922,7.4770.-3.7695,-35,.1140,4.8443,-1.993¢
DATA -3@,.4520, 32,6845, 1.1593,-25,.7129,2.90828, -.6665
DATA -7 1,.3841,2.2069%,~.3451,-15,1.1869,1.6461,-.1775
DATH -1u. 1.2809,1.08551, -. 0495, -5, 1.3934, . 5089, -. 8109
DATA ©,1.4159,-.08342,-.09822,5,1.39587,-.6309, -. 8033
DATH 18,1.2812,-1.9879%,-.0365,15,1.1367,-1.642%,-. 1031
DRTH 2@,.3188,-2.1964,~-.2675,25,.8034,-2.9039, -. 6063
DATA 38,.5234,-3.6717,-1.8374,35,.2723, -4.93906,-1.378@

Tria

,-35,.1193,4.9060,-2.01%0

OF Fﬁlwyf‘; .

_____

3]

TENF

CTEy Dumm 14T

iy

FLOTS
DIFECTION FROM CENTER LINE

DPERATIOH

ﬂ
b

cRLcieATION
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€18 DATA -40,-,23 CIEEZ, =35, 2108, 4. 6914, -1, %%
S0 DATA -3 .4254, LIE14,-25,. 7181, 2. 5154, -, 6580
a DATA -20,.8775,2.2105,-.3749,-15,1. 0749, 1. 6594, -. 1714
@  DATA -16,1.2232,1.10889%,-.0599,-5,1. 3665, .S58, -, 0114
@ DATA 9,1.40851,-.0219%,-.0013,5,1.4133,-. 6459, -, 0032
8  DATA 1u 1,2195,-1.1537,-.02&% 1.1291,-1.8508%, -, 1103
1 DATA ;w,.*lwa, 2.2575,-.2%: T190,-2.5644,-,5323
2 DATA 3@8,.5137,-2.5857,-1.0 L2504, 1296, -2, 8123
3 ]
4 DATA -48,-.28 4,313
S  DATA-3@,.51@ . LELLE,
&  DATA -Z2@,.356; B 1.9 LESZ9,
7 DATA -1@,1.21 9% 1.3 SEEd, -
2 DATA @,1.459%0 1, TEZ 02, . BIES
3 DATA 18,1.3%0E 115 1.8 1.8723, -, 1129
@  DATA 29,.39%71 912 T449, -2, 533499, 143
1 DATA 29,.5049 239, 2949,-5,8535,
2
3 . 37437, -35, . 2204,5.17
4 2,3 3, -1, 1473, ~25, . FOR3, 2, 791
S  DATA -20,.3553,2.2589,-.3863,-15,1.8571,1.673
& DATH -10,1.2354,1.0819,-.0560,-5,1.3611,.5264
7  DATA @,1.3990,-.0100,,0029,5,1, 3541, -, 5855, -,
2 DATA 1@,1.3035,-1.0735 "?.15,1.9419, -1, 6%
% DATA 28,.926%,-2.2112 W TEZL, 2. 9408
8@ DATR 38,.SI65,-2. 47260 S,.3194,-5,57%

=D !

Eaz DATA -4 E53, =35, 2466, 4. 82

523 DATA -= 53,-25,.7357,2.225

=P LATAR -2 1,-15,1.1815,1.638

gEs IATH -1 8z,-5,1, 3670, .5520

EEE IATR o, 2SOy 1.4132 SVTE, -

EET IATR 18 #3,15,1. .'

=] IATA 2@ , 08, .500 yos

=) IATA 2@ IV, IS, . 365 T

&3y !

631 IATA -4B8,-.32 T.e132, -35,.177E,4.4365, -1, 3432
g3 DATA -28,.5& .58685, - 29, .7441,2, 7442, -, 7822
633 DATAH -:ZB, .38 YL 28I, - S,1.8E23 BEESZ,-. 1611
£34 LATA -18&,1.1 1.1282, 9,1 S09,-.0209
5] DATA &,1.3 237, .89 o -. e

£36 DATR 18,1 1.11e6%, S, 1 :

€37 DATA Z2a,. L 2T, - g o7

33 DATA 34,. B71e,-1. Syl

£99 !

T3 DATA -48,-.2 Z.F445,-35, 01208,

vl DATA -213,,54¢ LE3E-25,.2851,2

raz DATA -28,.9V17,2.12 L3834, -15,1.8734,1

ez DATA -1@,1,.2486,1.8314,-.0237,-5,1, 3553,

vo4 DATA @,1.4237 BEP?, -, 0885,5,1,4638,~.5

5 1) DATA 198,1.2&8] 1.1853,-.8273,15,1.11:35,

Toe DATA 29, .925 L1294, ~-,2531,25,.8111,-2

vav DATA 3@, .S58 .5178,-1.8785,25,.3817, - =13
78 |

Te3 DATR —-40,-.3306,58,.5526,-3.3191,-35,.2040,4.7035,-1.3363
Tig IATH -326,.5200, 2,4237,-1.0353,-25,.7P27,2.7578, - 6623
711 DATA -29,.9€6B6,2,15325,-.3626,-15,1.1185,1,.63%5,-.1e35
viz DATA -18,1,2668,1.1327,-.0508,-5,1.3%28,.5905, -, 1040
713 DATA 09,1.,4924 ,N9483,-.03023,5,1.42 4412, -, 00822

T14 DATA 18,1.2824,-.9777,-.8133, 5,-1,5582,-.0372
719 DATA 2@,.35%6,-2.8692,-.2491, = Sy = SRET

i ¥~ DATA 20, .,6761,-3.4934,-1.818 y—4.3436,-1.,908%50

] !

’19 DATR .86,.08,.11,.14,.,19,.21,.23,.28,.3,.34,.4 C.4
(5] RERD AC®) ,M(#) ORIGINAL Pioy i3
2 FRho=Pa*144/(53, 3#(Ta+450)) OF POOR QUAI:IT:Y



va3
724
726
27
7’28
729
730
731
732
733
734
736
737
740
vSe
751
vED
7ve
7860
790
soo
811
40
841
842
843
850
851
€53
854
855
&85¢
857
858
860
ge1l
862
863
gc4
865
ges
867
g8
8€9
gve
871
gv2
873
874
875
87e
877
878
879
8o
881
gs2
898
900
910
920
930
948
950

960

970

Rho=DROUHDC(Rho, €

PRINT
FRINT
PRINT
PRINT

"4.5 IMCH PLASTIC HOZZLE DATH
"RADIAL TRAVERSE"

YDATA STORED IH DISC HO .
"MANIFOLD OPEH =",Man

¥st=DROUND(Xst, 3>

PRINT
PRINT

"REF X~D STATION =",Xst
"REF 2 STRTIONH =",2s1t

Lsl=Stepl 1068
Ls2=Step2-10060
Ls3=Step3-1069

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
FRINT
FRINT
PRINT
PRINT
1

PRINT

"STEP SIZES =",Ls1,Ls2,L=3
"NO OF STEFS =",Hn1,HnZ,Hn3
"AMBIEHT FRESSURE =",Fa
"HMEIEMT TEMP =", Ta

“DEMSITY =",Rhc," LbS-CU.FT"
"TANK PRESSURE=",Ft

"TANK TEMP =", Tt

“PLENUM FRESSURE=",Fp]
"PLEHUM TEMF = ", Tpl

ECORD HO",Recn

,C=3

Q wpetmtnype o s o
Vim vt : Txie .
ELeNELE Ty e b Lmueltha el

OF FOUR QUALITY

"MANCR) DF =", Dpa, "MANCES DF =", Dpb, "MANCCY DF =", Dpc

I Y R Y Y Y R X EE R R S R R

. Diameter=4.5
Radiusz=2.25

Area=,
2z9=0

Dp=Dpa+Dipb+Lp:

Ru=0
Rruw=0
Ruu=@
Ruw=8a
Dumm=0
Rp=0

11 I .11 SQ.FT

! FOR MASS FLOW CALCULATION
' FOK

Hn=sNn1+HNn2+HnN2
Rr¢(1>=0

Rr1c1o

=Z2st

FOR I=2 TO Hni
Rr¢Ii=Rr(I-13+Lztr12

Rr1<ID
HEXT 1

=Rricl-13+Ls1

FOR J=Hni+1 TO Hni+Hnr2
Rr(Ji=Rr(J-1>+Ls2-12

Rr1¢JD
NEXT J

=Rr1(J-10+Ls2

FOR K=Nnl+Hn2+1 TO Hn
Rr(K)=Rr(K-1>+Lz3-12

RriC(KY=Rr1d(K-1>+Lz2
JNEXT K

Step=Stepl

FOR Li=1 TO Hn

IF L1>Nnl-1 THEN Step=Stepl

IF LI1Mn1+Nn2-1 THEHN Step=Step3
Stp=Step

Ls=Step- 10600

2zC(L1>
!

=DROUNDC(Z229-10068), 3>

g

TASSURED OHE MANIFOLLD GFERATIHG

SWIRL HO CALCULATIODHS

éENOTE 782 ITAKIHG 28 RAVERARGES FOR BETH

OUTPUT

782;"V DS T1,",Vdc

WAIT 10

Kk1=0

FOR Ii=1 TO z0o
WAIT .5
TRIGGER 782

K1=0

ENTER 782;K1

THEREFO2FEE & DFS HEE ZERD
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9320 Ekl=kk1+k1
930 MEXT Ii
1600 Beradlli=sKkl-Z0

1a1g !
9 REMOTE Tae

1829 QUTFUT Pdé; "Rz

1833 WRAIT 3

1958 QUTFUT Fos;"BE2"

Srys Mm=S

IF L1=1 THEH Mn=&

FORE I=1 TD Mm

OUTFUT 7ae;"RLY

WAIT 1

QUTFUT Fes;"EBL"

WAIT S

REMOTE 79

QUTFUT 7O

Kka=a

FOR 1y=1 TO 2u

...
—
Dol

.
D
AR AR
T =

LU ()

)

5

o OF N

D)

LIRS B PR I SURFYRTI R =R o RN WU X R OUNS R SO §
= =

Dl

I3y DS T1,",vdc

- o
DU

8 WARIT .S

3 TRIGGER 703
B3 KZsa

3 EHTER 7O3I;K2
8 FkZ=sEkZ+EZ

O

Fr=.a232 FhI+ISE, DOk h 2oz CTREANIDUCER USLIERATION CURVE-FITTED
FiLl, Io=Fp
HEXT 1
2z9=2z9+3p
IF L1i=Hn THEH Stp=-Tz3+Stp

FOR 11=1 TO &

FeL1l, IV =DROUHDCPOLL, T1 0,350

HEST 1)

259 Eetavlla=sDROUNHDO(-CBetailllx-50+17.S 0,30

1228 FRINT L1,"Fi=",Fill, 1o, "Fa=" F L1, 20, "F2=",Fill, 3 "Fa=" PdLi,45,"PI="FiL

O [ Py

p
D)

ot b P gt h ph b b et mm Pt b pb Gt Gt h Pt pub Bb d b b b et
Dux(]

()

—
O (O I OO S R OO O O e i

RO B L I PSS Ay
2]

323 IF Li=1 THEW FRIWT "Fe&=",FiLl,g>
1228 Diw=o

Lizz=
praged

w G

-
[¥E

Lp

O U O Y

IFOR li=1 TO 13
IPRINT RCL,Ti, 10
THEXT I
IFOR Jj=1 TO £
PRRINT ACTj, 13,40
THEXT Jj
( Lz1=-5tp- 1980
H=@ I COUNWTS MO OF ITERATIOHS
! P1=PiL1,13+Fa CRIGHAL PABE (S
F2=PiL1,25Pa OF POCR QUALITY

e BUC S B SRR OO PR R

LOURR CCRY R USROS (RN PION W)

Lo oo o

o0 0 O
o
[

nh b b Bt fmb el B b Pt bt Gt Pt ph B b fes b s

419! P3=P(L1,3)+Pa
520 IF4=F(L1,4>+Pa
338! FS=F(L1,53Pa
931 P1=F(L1,1)
932 P2=P(L1,2)
933 P3=PCL1,3)

19234 P4=P{L1,4)
1935 PS=P<L1,S)

1943 Paw=.25#(P1+F2+F3+F4)
1359 Hip=PS-Pau

1351 IF Hip=8 THEHW GOTOQ 2832

1988 MHppd=J(P3-FPll- Hip C.6
1376 | PRINT "HWPFD=",HPFD

1338 FOR I=t TO 1&



1990 IF Nppd<Ac1,1,35 THEN GOTC 2049 Ul L LEIS

1991 IF I>1 THEN GOTO Z@oo OF

1992 Nspdi=A(1,1,2) OuR QU“L'TY

1993 HNtpdi=R(1,1,4)>

1994 Deltal=AC1,1,1>

1995 GOTO 2670

2000 Nspdl=AC1,I-1,20+ (R0, 1,80-AC1,1-1,200 ALY, 1,30~Rot, I~1,30 0 v cHppd-Act, I
-1,3» i

2018 HNtpdl=AC1,I-1,40+C0ACL, I, 40-ACL, I-1,40 (A0, I, 20-A01,1-1,
-1,3»

28*6 Reltal=Acl, I-1,15+¢ s Ly 10 -ACY, I-1 10w AL I, 30-A01, 11,3000 Hppd-ALt,
I-1,3%

2638 GOTO 2876

2840 HNEXT 1

20856 M2=M<(1)

2078 Psi=Fav-Hzpdi=Hip

2088 Pti1=PS-NipdlsHip

208! Pell=Ps1+Pa VCONYERSION TO AEZOLUTE

2082 Pt1i=Pt1+Pa ICONYERSION TO RESOLUTE

2090 Q=5.0*%((Pt11-Pslly~, Z28E-10

2891 IF @>8 THEN GOTO 2111

2892 PRINT "VERY LOW YELWCITY"

2893 PsfiL1)=Pz]
2694 PrfiL1y=Ft]
£89¢ P=s1=DROUND(Fs1,
2897 Pti1=DROUHDCFt],
2098 PRINT "PS=",P:l Ly "FT=",Ft1

2899 U1dLir=8

21868 VidL1)=0

2101 WidL1)>=0

2182 RulilLi>=0

21863 RruwldlLl) =0

184 PRuulidlLly=a

2165 RwwldllLli=0

2186 DummictLl»=0

£118 GOTO 2790

2111 MI=S@RC@D

2112 IF ABS(M1-M22<.@001 THEN GOTO 2418

2113 M2=M1

2120 VTHE FOLLOWIHG MESSHGES WARH CALIERATION LIWMITS AYAILAELE

21398 VIF MI>MC115 THEHW FRIWT "WRRHIMG ;3 Mr, 4"

2148 JIF MI<MC1) THEMW PRINT "WARNIMG 3 M:<.885

2158 FOR J=1 TO 11

£1eB  IF Mi<McJ)> THEH GOTO 2189

2170 HEXT J

2188 FOR K=1 TO 1&

2199 IF ABS(J-15<.5 THEHW J=2

2200 IF Nppd<ACJ-1,k,323 THEN GOTO 2250

2281 IF K>»1 THEN GOTO z221@

22062 Hspd2=AcJ-1,1,2>

2263 HNtpd2=AiJ-1,1,4>

2284 Delta2=RA(J-1,1,1>

2285 GOTO azce »

22168 Nepd2=ACJ-1,K~1, 20+ (ACT=1 K, 20~ACT-1, k=1, 230 CACT=1 b, 30-AcI=1 =1, 20024
Nppd-ACJ-1,K=-1,33)

2220 Ntpd2=RCT=1,K~1,40+CCAT=1, K, 40~ACT-1,k=1,400 00 J=1 b, 30-ACT-1,k-1,30 000
Hppd-AdJ-1,K-1,33)

2230 DeltaZ=RiT-1,Kcl 1040 0ACT-1, K, 10-ACI- E~1, 100 CRuTI-1, K, 30 -AT=1, F-1,3200 %
(Nppd=RCJ-1,K~1,300 %

2249 GOTO 22¢0

22950 HNEXT K

2268 FOR L=1 T0 16

22?8 IF Nppd<R{J,L,2> THEW GOTO 2326
2271 IF L>»t1 THEN GOTO 22ge

2272 Nspd2=ACJ, 1,2

2273 Htpd3=R(J,1,4)

PadEiHppa-AO1, 1

LI
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"4 Deltal3=fAct, 1,10

S G0TD 233D
220 Hepd3I=ACT,L-1, 20+ AT, L, 20-ACT, L= 2a0 AT, L, 30 -Ac T, Lot 30 b s ippd-Ru T, L
1,35
290 HrpdI=ACt,L-l, 30+ 000 I L, 40-ACT, L1, 34 2 AT, L 30-ACT, L-1, 30 s Hppd-AOT, L
1,35
300 Delta3=AcT,L-1,10+ AT, Ly 10-ACT,L-1,100 dRCT L, 20-RCT,L-1,300 % Hppd=-FACT,
-1,3>7

GOTD 2330

HEXT L
Hspd=Nspd2+(iHzpd3-Hepd2d iMOJ)=MOI=100 v 8 (ML -MOT=1 00
Htpd=Ht pd2+ ol pd3-Htpd28y - CMCT MO T -1 x o o ML -MCTI=130
Delta=leltaZ+iibeltal-Delt a2 v MoTo=-MOoJ=10a s Mi-MCT-130
Hzpdi=H:z=pd

HtpdlsHtpd !

Ileltal=Delta

H=H+1

GOTD 21709

Ps1=DROUND(P=1, 3D

Ft1=DROUHDPr L, 2D

M1=DROUNHD:ML1, 3>

2440 Deltal=DROUND(Dz1taf, %)

2441 FszfiL1)>=Ps]

2442 PtfiLlo=Pt1

2459 FRINT "Fs=",Fz1 | 'FT—“ Ptl 0 GUITERATIOM=",H
S4EG  Tre(Tted6@) i1+, ERITE

B2 RO PSR 2 Bd BO F3 PY PRI IO RO ™ B ) B3 1 FS PO P

S o Fa L0l Q0D G LD L )W
LN 0 e D0 0 g Xy O de (0 R e e (G
[ O O O o B RO o X O R

38
4
[

@

2479 Ms=I0R(1,4%32.2-53 -,T-,
2429 WVW=M1#Vs
2498 DEG

2500 Vx=sWEC05(Delrtar=COS RBetacllio

2519 ”U'“*LOH'Drlta'fQIH(EetaiLI))

2528 Mz=swEIINCDel

2520 V=DROUHDCY, 45

25409 ' THE FOLLOWIMG IF STRATEMEHWHT I5 TO STORPE WO FOF HORMALIZING

2553 IF Lir1 THEMW GOTO 257e@

Yo=Yy
x=DROUND Y =,

'-.'u DROUNHD( Yy,
z=DROUMD Yz,

Vf(Ll;-V

DeltafdlLli=Deltal

FRINT “"w=",V,"EETR=", BetadLl3, "LELTR=",Delt al

I FRINT "Vﬁ“" 'x,““f-“ S, MW IZ=t Mz

FFI}.‘T OIU_II I'l) ".'!=","."Z,"N=",""{'y

e Ve

R VIVE L VIS

V=Y. N9

Poru=DROUHD Y W, 4

P YUusTROUHD Y vy 30

IVzu=DIIROUND (M zu,

ZETE VPRINT "=t v, "WYY ows! oo M Z00 Yoo EDITT

Mach<L13=M1

VYeldiLh>=Y v en e

UeLl, 13=Vx Ohl\?!;é«}'{i P'q’.{,\: sy

UCLL,23=¥y OF PCOR QuALiTY

WiLl,33=vz

UidL1o=¥x

YidLtor=vz

MiiL1y=-Vy

RpliL1»=ABSiRriLlsrsPzstiLlil*144

Rp=Fp+RplidcL1>

RulcL12=ABS(RrL1»>*U1CLLD

RusRu+RuldL 1)

RruwlCL1D2=AESCRroLID »*RESCRMOLL > 230 L =M LT C.8

RruwsRruw+Fruwl Ll

Ruul¢L12=ABSCRroL12+ULCLL =01 LY)D

u_l

O D DG~
o o o

@G’G’Cl@ﬁ"‘G'Ull';'*‘G!GlC"Il

O FH IO T T AR

[ OSSN ORI CRCRE CSCIN (RCRN RCHN CSTRN DSCHS I UN T LRCRN ST SRR DN ]

[ R I SRR L O )

-
)

|_._'|

LN I BN Bt I S |

EVIE VIR VI VRV IE: (3 L OO OO I SO AR (MR i URLY Ul

GO R OV O % I OGO LW LK (R DN (O |

LON~,EN~OOO0QO 000G

R N N R R TR

[ U CNO R LI



2775 Ruwwl(L13»=ABS(RroL12o*WICL1o%W1CL1) ORiGIL FaT g
2777 Ruu=Ruu+Ruul (L1’ OF POCR GuALiTY
2778 ERuw=Rww+Rwuwldli>

2779 Dummi(L1)=Ruul{Li>-Ruwidill1)-2

2780 Dumm=Dunm+Dumml (L3>

2781 IPRINT "M=" ,MACHCLL1>,"¥=",VELC(LL), "Wa=", YK, "W=", vy, "va=",V2
2782 IPRINT "wX/ve=",¥xuliL13,"VYVYsY0=",YyuldLl>,"vYZ-va=",VzullLl)
2790 Rr(L1>=DROUHDC(RrcL1>,3>

2791 RricL1)>=DROUNDIRricL1>,4>

28008 !PRINT "r=",RrdL1>

2863 PRINT "r=",Rr1dL1)

2885 '?RINT L T X R e e X R L S R S L LR R ]
EXEREXRREREFT

28086 IF U1CL1>=8 THEH Hn=L1

28868 !IF UldL1»=0 THEH GOTO 2&1e

28609 IF U1C(L1>=8 THEHN

2810 IF L1 Hn1 THEN

2811 HNn=L1

2812 GOTO 2817

2813 END IF

2814 END IF

2816 IF L1<{Mn THEN GOTO 4128

2817 Yy=1-,008313%Dp

2818 UWflow=,85484+Yy*S0OR(Dp>

2819 WFflow=DROUNDCUHf low, 33

2529 PRIHT "MASS FLOW RATE MEASUREL EY CRIFICE RUNS =", Wflow," LES-SEC
2821 !
2822 |

2823 Umax=U1C1>

2824 Hmax=W1<C1)D

2825 FOR 1=2 TO Hn

2826 IF WI1CID *Wmax THEH Wma=<=H1013
2827 IF ULCI3>Umax THEHWH Umax=U1d12
2828 NEXT 1

2829 MUWmax=DROUNDC(HWmax,3>
2830 Umax=DROUNDC(Umax,3)
2831 IF Swl=2 THEN GQTOQ 2977
2832 ARal=06

2833 HRa2=0

2834 Ra3=0

2835 EBbil=0

2836 Bbz=0

2837 Bb3=0

2838 Cc1=8

2839 C(Cc2=0

2840 Cc3=0

2841 Ddi1=0

2842 Dd2=0

2843 Dd3=06

2844 Eel=0

2845 Ee2=0

2846 Ee3=0

2847 Ff1=0
2848 Ff2=0
2849 Ff3=0

2850 FOR I=1 TO (Hn1-1>
2851 X11=Ruld(I>+Rulcl+1>

2852 Y11=Rruwl(ID+Rpruwl(I+1)

2853 211=RuuldId>+RaulCI+1>

2854 Ti1=Ruwuwl(I +RuwlicI+1)

2855 Q11=ABSC(Rr(I>>+ABS(Rr(I+132

2856 H11=Rp1(I>+Rp1C(I+1)

2857 A1=X11*ABS(L=1) 12,2

2858 Bi=Y11#ABS(Lsl)>-12-2 c.9
2859 Ci1=Z11#ABS(Ls1) 1272

2868 Di1=T11#ABS(Lsl)-12-2



WD DD D00 00 CO
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AN WR = OWNUNE WP ™ Q00N

RO VR ORI U SURE LR VR (R OGN CUTE VI LSO (R 5 I DU IR U (VI )

U B o W O Y L JEY RV OV R F ]

2988
2909
2918
2911
2312
2913
2915
291eé
2917
2918
2919
29z0
2921
2922
2924
2923
2926
2927
2928
2930
2931
2933
2934

E1=011%ABS(Ls1»-12-2
F1=H11#ARBS(Lz1)»-12-2
Ral=Ral+Al

Bb1=Ebl1+B1l

Cci1=Cci+C1

Dd1=Dd1+D1

Eel=Eel+E1

Ffi=Ff1+F1

HEXT 1

FOR I=Nnil TO (Hnl+Hn2-1>

K22=Rul (I )+RulcI+1)>
Y22=Rruwl (I2+Rruwli{I+1>

Z22=Ruul (1) +RUI(I+1)

T22=Ruwuwl (I )+Ruwl ([+1>

G22=RBSC(Rr (I )+ABS(RrII+15)
H2Z2=Rpi(Il)>+Rpl" I+1)

R2=X22%#RBES(LzZ2r-12~

B2=Y22*HBS(L52)#12f2
C2=222%#AB5(Lz23712-2
L2=T22#AB5(Lz2>»-12-2

E2=Q22%#ABS(Ls23-12-2

F2= H22*HBS(L=2)/12/§

Ra2=Ra2+A2

Bb2=Bb2+B2

Cc2=Cc2+C2

Dd2=Ddz+D2

Ee2=Ee2+E2

Ffa=Ff2+F2

HEXAT 1

|

FOR I=CHR1+HNnZ» TO <Hn-113

H33=RuliI)+REulcI+1D

W3 =Rruwl CLy+Rruwl I+

2IAZERUMLIC s +RuICI+1)
T3Z=Rwwl(I)+RuwuwlcI+1>d
Q32=RABSC(Rr{(ID»+ARBSC(Rr(I+13)
H3Z=Rpl(I>+Rplil+l)
AZ=X33#ABS(Ls3>12-2
B3=%33#ABS(Ls3r-12-2
C3=233+«HBS(L=32-12-2
D3=T33#ABS L3312~
E3=Q33#ABS(L=2)>12~
F3=H33#RABS(L=33-12~
Ra3=ARa3+A3
Eb3=Eb3+E3
Cc3=Cc3+C3
Dd3=0d43+D3

!'J 1\." I'J f

Ee3=Ee3+E3 ORIGH J
Ff3=Ff3+F3 OF PCOR QCAL

NEAT 1

{

Ra=Ral+ARaz2+Aa3
Eb=Eb4+BbZ+Eb3
Cc=Cc1+Cc2+Cc3
I'd=Dd1+Dd2+Dd3
Ee=Eel+Ee2+Ee3
FE=Ff1+Ff2+F¢3

Mflow= 2*PI*Rho¢Ha
Anflux=Bb
Axflux=Cc+.5#Dd~, S*lmax¥lmax*Ee
Jarea=2*Pl*Ee
Jarea=DROUND(Jarea, 3)

Swirl=Bb-(Cc+.5+Dd-.S#WUmax*Wmax*Ee > (Radius~

Axfluxl=Cc-.5+*Dd
Swirli1=Eb/(Cc-.5+Dd>) 7{Radius- 12>
Axflux2=Cc+Ff-Rho

.«.v_n [N

iy
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2942
2943
2944
2945
294¢€
2947
2948
2949
2951
2952
aes

oy o,

)
ACRULUI R B A I A

— @0 Mk

N R LSCRY DU LR O OV PR CS O (R U ORI U (R

LY CRRN (RN CRE¥ o]

o0

g
G CO =3 N de PO Do o0 o oD o0 o O QD OO0 O G0 O OO0 0 O =) ~d ke ) md = ) = —y

b S LR CCRE CR O UV SR N

s

G L 0O =9 T N f GO P e 0 * b IR B S VU URE oV ORI s R B R T (8 )

LOUNE X I B ORI POV O O U (S R R R CATRE OS N CS ON (SI ORT CR OI NI O U

QOO0 QWD DD WD D DD D D D D

LU ORI O OB O OB O SRR ) I N (NS

Swir12=Bb-CCc+Ff FEhoo-
fo!uxdfbc
Swirl2=BbsCc-vRadiuz~12)
Swirl1=DROUND(Swirll, 2D
Swirlz=DRAUHDC(SWwirlz, 27
Swirl3=DROUNDC(Swir13,2)
Mf1ow=DROUNDCMf 10w, 30
Swirl=DROUNDC(Swirl, 2>

AR I ux=UROUNDCArT Tux, 32
ARxf lux1=DROUHDCR=f Tuxl, 3
Axf luxZ=DROUND Rxf Yuxd, 3D
Axf I ux3=TIR0OUNHDCA=f I u=3,3)
At 1ux=DROUHDCA:E T, 2D
FRINT “MASS FLOW FRATE EY
FRINT "JET CROZS SECTIOM REER
FRINT "AHGULLAFR MOMENTUM FLUMH
FRINT "AXIAL MOMEWHTLUM FLUX 1=
FEINT "RsIAL MOAMEHTUM FLUK 2=
FRINT "RAXIAL MOMENTIM FLUX Z=
FREINT "AXIAL MOMENTUM FLUR ="
FRINT "SHWIRL HO. s Swirl,
FREIMT "ZWIRL NU. 1 = Suirlt,
FRINT “SWIRL HO. 2 =",SuwirlZ, "«
FRIHT "SWNIFL

b MACH MO CALCULATION
Vave=MNflow o JareasFhol
Mave=Yaue s TMAVE=MRCH Hi2
Mawve=DROUND Mawse , 20
VYaue=DROUHD Y a0
FRINT "AYERAGE R
FRINT "MAX R=IAL
FEINT "MAX TAHGEHTIAL
|

! REYHOLDS WO CALCULATION
Rave=VauvexDiamster 12
Rave=IR0OUHDCRavwe, 52
FRINT "REWHOLDZ HOD
FREINT “MACH HO.=",Mzauwe,
FRINT

|Y|

y 33
HSTAL
VELOQCITY ="
VELDCITY

="y Rane,

XX X A
IF Hp=2 THEH GOTO 4122
GINIT
GRAFHICS OM
numMP LDEVICE Is v1@
FLOTTER IS Va5, "HFGL"
VYIEWFORT 28,100, 35,20

JMOVE

FRAME
CSIZE 4,.4
28,79
GCLERR
J=8

MOVYE 25,
GCLERAR,
WIHDOW ©,1,08,1048

AAES .5,25,0,8,2,3,5
FREAME

FOR J=1 TO 1

MOYE 8,06

CLIP OFF

MOVE .75,-18

LABEL "r-D "

MOVE .2,-15

LABEL "MEAM TAHGEWTIAL
MOVE -.1,50

LAEBEL "N(fp:?“

CSIZE 2.9

o

INTEGE

,folu;
“COMFLETE FUFHULH"

" as

VELDDITy=", ¥

g Lias

1,6+13800

u CEASED OH

B R X X X R R R R R Y Sl R X R R ]

VELOCITY

=2

CRadiuz 12

ATION =",

y Jarea,
R TR 3 NPPA
R A Ve

1,°

H

DELET

Fz UZED 1

Hd, 2 =", 2wir 12, "SIMFLEST FGREN

EARZED 0N

IA- &

) "FFS
nFRen

=", “!u:... "

“EAZED OH

HER

FROFILE"

"Sh.,

ME T o,
FT*"

WAy DELETELDL FROM
Fz UZED IH LEMOMIHATOR"
SIMFEST FORM FREZZURE
MFLETE FHFHULH"

El FROM DEHOMINATOR"
M DEHOMIHRTOR"

HYEFRAGE AR:IAL YELOCITY

DY)

FRov

RYEFRAGE AIAL WELOCITY o
HGE ASTIAL YELOCITY o+

s PRESSURE TERM CGHMRITE

K

Cc.ll1

DEHOHMINATOR"

onmlITEL:

- -



w -
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3
3
4
4
4
4
3
3
3
4

b I I SN N N P CR R ]

Ty @ T LA QNN Cn

O Q0 0 =J My LA N o i 3 o= 0 00 ~J T LN de i 0

e
-
3
3
3
2
3
K]
<
)
K]
3
K]
kt:
=
-
-’
v
3
-
-
-
-
3
3
X’
-
3
3
3
3
]
-
3

T O O T Oy Oy T (7

LOEG S
FOrR I=0 TO 198 =ZTEF S8
MOYE -.85,1
LABEL WSIHG "#,k";1
HEXT 1
LORG S
FOR I=9 7O §{ STEP .5
MOVE I,-2
LABEL USIMHG "#,k";1I
HEXT I
HEXT J
FOR I=1 TO Hn
Ror=ABS Er1cl2 "Digmester
MOVE Ror,W1CID
LAEBEL "o
HEXT I
FOrR I=1 TO Hn
For=ABSCRr1cIao. Diamster
FLOT Rar,W1CI>
HEXT 1
DUMP GRAFHICS
|
1
GINIT
GRAFHICS OH

[UMP DEYICE 1% 718
{ PLOTTER I3 79%,"HPGL"
WIEMFORT 2@, 183, 3@, 38

FRAME
CSIZE 4,.4
MOYE 28,78
GCLERER

J=0

MOYE 29,28
GCLEREK

[

HYES .25,50,8,8,2,2,9
FRAME

FOR J=1 TG 1

MOVE 3,9

CLIP OFF

MOYE .5,-20

LABEL "+-D"

MOVE .25,-20

LAEEL "MEAHW A-IAL YELOCITY
MOVE -.1,188

LAEEL "Udltpso"

CSIZE 2.9,.5

LORG S

FOR I=9 T 209 ZTEPRP |
MOVE -.909,1
LAEEL USIHG "#,K";1
HE=T K

LORG 5

FOR I=9 TO 1 STEP .5
MOVE I,-5

LRBEEL USIHNG "#,k";1
HEXT 1

HEXT J

FOR I=1 TO Hn
Ror=ARESCRr1<IY)-Dianster
MOYE Ror,U1CI)

LAEEL "o"

HEXT 1

FOR I=1 TO Hn

Ror=RES Fri<l)s:-Diameter

1% )

i~

FROFILE"
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3634
3685
3690
3691
3700
3701
3702
3703
3704
3705
3706
3707
3708
3709
3710
3711
3712
3713
3714
371s
3716
3717
3718
3719
arze
3721
3722
3723
3724
3725
3726
3727
3728
3729
3730
3731
3732
3733
3734
3735
3736
3737
3738
3739
3741
3742
3743
3744
3745
3746
3747
3748
3749
3750
3751
3752
3753
3760
3770
3780
3790
3800
3810
3820
3830
3§40

PLOT Ror,U1¢1)
NEXT 1

DUMP GRAPHICS

{

GINIT

GRAPHICS ON

DUMP DEVICE IS 710
IPLOTTER 1S 7895, "HFPGL"
VIEWPORT 29, 160,306,80
FRAME

GSIZE 4,.4

MOVE 20,70

GCLERR

WINDOW ©,1,-168,100
AXES .5,25,0,-100,2,2,5
FRAME

FOR J=1 TO 1

MOVE 0,0

CLIP OFF

MOVE .5,-115

LABEL "r-D"

MOVE .2,-130 A
LABEL “"MEAN RADIAL YELOCITY DISTRIBUTION®
DEG

LDIR s@

MOVE -.1,-2%

LABEL "VY<(FPS)»"

LDIR @

CSIZE 3.5,.5

LORG S

FOR 1=-1980 TO 100 STEF S@
MOVE -.©85,1

LABEL USING "#,¥";1
NEXT 1

LORG S

FOR I=0 TO 1 STEF .5
MOVE I,-18S5S

LABEL USING "#,k";1
NEXT 1

NEXT J

FOR I=1 TO HNn
Ror=ABSC(Rr-1<(IJ>s-Diameter
MOVE Ror,V1CID

LABEL "o"

NEXT 1

FOR I=1 TO Nn
Ror=ABS(Rricl>r-Diameter
PLOT Ror,Vv1<ClD :
*NEXT 1

DUMP GRAPHICS

I

|

GINITY™

GRAPHICS ON

DUMP DEVICE IS rio
IPLOTTER 1S 785, "HPGL"
YIEWPORT 20,100,30,28
FRAME -

CSIZE 4,.4

MOVE 20,70

GCLEAR

J=0

MOVE 25,80

GCLEAR

WINDOW 0,1,-.3,+.3
AXES .5,.1,0,-.3,2,2,5

C.13



(L]
o0&

N X ]
¢ O) O

3830
3899
3900
3910
3920
3930
3940
3950
39€0
3970
3930
3990
4000
4010
4020
4030
4040
4650
49€0
4061
4870
4980
4090
4691
4092
49893
4094
4100
41208
41281
41291
4139
4131
4132
4134
4135
41326
4137
4138
4139
4149
4141
4142
4143
4144
4145
4146
4147
4148
4149
4150
4151
4152
4153
4154
4155
4156
4157
4158
4159
4160
4161
4162

FRAME
FOR J=1 TO 1
MOVE ©,8
CLIP OFF
MOVE .S,-.3S
LABEL "r-D"
MOVE .2,-.40

LABEL "STATIC PRESSURE DISTRIBUTIOHW"

MOVE -.5,0
LABEL "P(psig:"
LORG S

FOR I=-.3 TO .3 STEP .3
MOVE -.85,1

LABEL USING "#,K";1

HEXT 1

LORG S

FOR I=0 T0 1 STEP .S
MOVE 1,-.25

LABEL USIHG "#,E";1

HEXT 1

HEXT J

FOR I=1 TO Hn
Ror=ABSIRr1(I>»~Diameter
MOVE Ror,PsfClo

LABEL "o"

NEXT 1

FOR I=1 TO Hn
Ror=ABSiRri1CI>>-Diameter
PLOT Ror,P=fClIn

NEXT 1

DUMP GRARFHICS

SUB XY TRAV 1-23-8¢

IF UtcL1»=8 THEHW GOTO 4133
IF UicLi>=8 THEH

IF L1>HMnl THEN GOTO 4135
END IF

IF L1<{Hn THEN GOTO 4178

Head<1>=Man

Head(2>=Dpa
Head(3>=Dpb
Head{4>=Dpc
Head(Sr=¥st
Head(sr=2s1
Head(?>=Ls1
Head{(8>=Nn
Head(3?>=Pa
Head(19>=Ta
Headd(11lr=Rho
Head(12>=Pt
Head{(13)=Tt
Head(N4)=Pp]l
Head(15>=Tp]
Head(1é»>=Recn
Head<(1?)>=Swirl
Head{(18>=Mflow
Head(19)>=Hflow
Head(2Br=Vave )
Head(21)>=Mave
Head(22)>=Rave
Head(23)>=Vs
Head(24)>=Ls2
Head(25>=Ls3
Head<(26>=Umax
Head(27)=Hmax

C.14



41€3 Head I8 =Anflus
4164 Head(Z9i=Hxuflux:
4165 Head(Z20r=A=flux=
4166 Head(21i=Rx=flu-
4167 Head(2r=A=flux
4168 Head(33)=Suirlil
4169 Head(34)>=Swirls
4170 Head(35)=Swirlz
4171 !

4172 FPRINT "DATA STORAGE STARTED®

4173 HASSIGH @EPath To "2C

4174 OUTFUT ®Fath,FecrjHead <0, Ftfoss , Pafosn WFo#0 Beravss Deltaf i+, FPrioes, il
#¥2,M1CED WL D, PCaD

4179 FRIHT “DATA STORED IM REC HO",Headile:

4176 |

4177 IF Ul1<L12=8 THEH GOTid 4277

4178 MOVE BY D22, DEx

4179 DIM C#cesle]

41¢@ DARTAR "" 1 E=1T FEOG MOLDE

418y DATA "1" ENTEF COMMAHD MODE

4182 DRTA "R 252" | STEP EATE

41&3 DRATA "S5 3"! SLOFE -

41284 DATA "F Zo"!' STEP RATE FACTOR

4127 DATA "W @"! HO. OF STEFRPS

41372 Img¥="+, K" I Ak JEFF

4207 Tk==707

4217 Tkz=v193

4227 GOSUE 4217

P Unit = 724,716,725 FOR v,8,2

FOR I2=1 TO 2

IF 12=2 THEH 4237

Unit=724

Signg="+"

IF ¢Dxx<8®) THEH Zign$="-

IF I&=1 THEHW 427

By e

f
[EX
=4 =4

N
¥

E S R O N
XN CN I SO LA (K

[

- -

I
=J
“J

LOCRES
-d -

'y
iy

42

42

4387 Unit=72S

4317 Signgs"+"

4227 IF Dzz<@® THEH Signg=s"-"
4337 1| CONTIHUE

4347 FRESTORE 41209

4259 FOR It=1 TO &

4367 READ C¥cCIt2

4377  OUTPUT Unit USIHG Img#;"a”
4337 OUTPFUT Unit USINHG Img®;CEolls
4397 HEXT 11

4487 Ss=Dux

4417 IF [2=2 THEHW S:=Dz:z
4427 <S=z21=%5:z

4437 GOSUE 4817

4447 IF Unit=724 THEH MI=YALCEF)
4457 IF Unit=725% THEHN M1="ALIA$>
4467  SsZ=ARBES(S=1>
4477 DE=VALFIS=2)
4487 I'PRINT "LIHE 2 ;
4497 V1i9 Loop for hp3&
4587 1i9=06
4517 1i9=1i9+1
4527 IF 1i%=2 THEHN L#="a"
4527 FOR 11=1 T3 S+

4547 OUTFUT Unit USIHG ITma$;CECILs

4557 HEXT 11

4567 OUTFUT Unit USIHG Img#;“H “;Df

4577 OUTPUT Unit USIHG Img$;Sign$

4587 OUTPUT Unit USIHG Img#¥;"G" C.15
4597 IF 1i9=1 THEM GOTO 4S17

4€8?7 GOQSUB 4817

o0
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4617
4627
4637
4647
4657
4667
4677
4€87
4697
4707
4717
4727
4737
4747
4757
4767
4777
4787
4797
48087
4817
4827
4837
4847

IF Unit=724 THEHN M2=VAL(B%>

IF Unit=725 THENW M2=VAL(AS$>
Dm=M2-M1

'IF Dm<3 THEN D$="0"

IPRINT "LINE 931 ";M1,M2,Dm,Ss

1IF Dm<3 THEN GOTO 822

IF Dm<Ss THEN Sign$="+"

IF Dm<Ss THEN Ssi1=Ss-Dm

IF Dm>Ss THEN Sign$="-"

IF Dm>Ss THEN Sz21=Dm-Ss

IF Dm<>Ss THEN 4467

WAIT .S

NEXT 12
NEXT L1

PRINT

IASSIGN @Path TO "PRO1"

IFOR L2=1 TO Hn

1OUTPUT @Path;Yuwi(L2>,UuiL3),Ur(L2>,Uref, st
THEXT L2
STOP
OUTPUT Tkx USING lmg#;"Vv @"! X-AXIS
ENTER Tkx;BS$ A
OUTPUT Tkz USING Img$;" "V "t Z-RAXIS
ENTER Tkz;AR$

4857 /PRINT "LIHE 11432";B$,A$

4867
4877

RETURN
END
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C.2 COMPUTER PROGRAM FOR HOT-WIRE MEASUREMENTS
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18
g

29

INPUT

I HWZ HP 322c1FEB 25, 153&7
I EQUAL STEF MOYEMEWT IH Z DIRECTION

OFTIQHW EASE 1

DIM Z2z(P@),Uuida:,Uro7e2, Mizci?@r,Heade s Frlo7as
INFUT "IHFUT RECORD HQ ?",Recn
IHNPUT "MEAHW YOLTRGE AT EXIT CEHWTER, UREF",Ur=f1
I Mach=Uresf#.1-2 1 FROM HW CAL
{IMPUT "MACH HO", nach
Fed=Mach+*1129#3,.5-12-1.6%10080

R=d= DRUUHD&Red,_.
IWPUT “"MAMIFOLDS OPEH =", Man
IHPUT "REFEREMLCE XK. D", Xzt
IMFUT “IHPUT 3 FOSITIYE Z-3TEF
JIHFUT "IHPUT 3 WO OF STEPS mnﬂx
INFUT "IHFUT AMEIENT FFEC=“ Fa
IHFUT "IMFUT AMEIEMT TEMF",Ta
IHFUT " IHPUT TANE PREEEuEE“,Ft
INFUT “IMFUT TAHK TEMP IH DEG
IHFUT "PLEHUM PRESSURE =",Fpl

IHFUT "PLEHUM TEMP =",Tpl

IHPUT “IHFUT MAH A FEE=FUFE LIFF",
INPUT “IWPUT MAN B PRE RE DIFF",
"IHPUT MAH C PRESSURE LIFF",

R=1 E=2 . (=3
SIZECIN

FHAM HR L HR 2 MRS

Fu )Tt

Tipa
Db
Ipe

2 T a+ded )
Fho=DROUND(Rho, 22
Het=DROUHD( Xzt , 2

Mach= DPHUHD'H=-M,J)
PRIHWTER IS 719
PRINT "HW DARTA 4.5 THCH HOZZLE"
FRINT "RADIAL TRAYERZE"
FRINT “"DATA STORED IN DISC HO Z&
FRINT “MAWIFOLD GFPEH =",Man
FRINT "REF =-0 ZTRATIOH=",kzt
PRINT "STEP =IZES=",L=1l, L;E,Lz?
FRINT "HO UOF =TEFPS =",Nn1,Hn2.Hn3
FRINT "AMEIENWMT FRESZURE =",Fa
FRINT "AMEIEWT TEWMF = ",Ta
FEINT "LEHWHSITY =",FRho,"Lb:
FRIMT “TAHE FREZSURE =",Ft
FRINT “TRHK TEMF , Tt
PRINT "PLEHUH‘FFE:-UFE ="
FPRINT "FPLEHUM TEMP =",Tpl
FREINT "MAHCA» DF=",Ipa, "MANCE)
FPRINT "DI=2.5 IH JET Mach Ho.=",
PRINT "ReD=",Red
FRINT
PRINT
Uref1=DROUND(Ur=t1, 45
PRINT "U REF [¥1",Uref1
Diamerer=4.5
2z9=0
HnsMnl+HnZ+Hn3
Rr1(i>=8

FECOURD HO

“yReIn

SCULFT

sFpl

=",
Mach

Dby,

FOR I=2 TO Hni
Rerl(ls=Rr1cI-1,+0Lz1
HEXT 1

FOR I=Hnt+! TO Hnl+Hn2
RriCId»=Rri¢l-1s+Lz2
HEXT 1

FOR I=Nnl+Hn2+1 TO Hn
Rr1id(I>=Rri(l-13+Ls3
HEXT I

Step=Stepl

THOUSAMDTHE

"MANCCY DF=

IM 2", Srepl,Srenl,Srvap

" . I jr
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£30
roe
vie
720
730
v40
7Se
7e8
F7e
=1
798
75 ]%]
210
gze
830
840
&§50
1Y)
§¢61
gez
Ec4

WM~ 00O CAOSE WM O

G C D DO O (NS L PI o Oy Ty
(O Ol

et et S SILY RN CREYCRLY CRLY CORN RN IV s B o o I O o I v O O

[ax)
PN
]

1850
1051
1860
1670
1020
1690
1100
1110
1120
1130
1140
1150
1160
1179
1150
1190
12608
1210
1228
1230
1249

FOR L1=1 TO Hn

IF L1*Hnl~-1 THEH Step=Stepl

IF L1>Hn1+Hn2-1 THEH Step=Step3
Stp=Step

Ls=Step- 1000
2z<(L1)>=DROUHDCCZz3-1088) " Diamster i, 33
REMOTE 7@3

OUTPUT 7B3;"Vv IS Tit," | READING SFEED HAHD TRIGGER,

WARIT .S

Kk 1=0

FOR 1i=1 TO Z©
TRIGGER 793
Ki1=06

EHTER 783Kl
Kki=kEki+k1l

HEXT 114
UudlLi>=kktl~z0
IF Li=1 THEH Uref=Uyucln
IF Li=1 THEN

FRINT
Uref=DROUHDC(Uref, 47
FRINT

PRINT "U REF tWi=",Uref
FRINT

PRINT " L1 2D Ll mz s

PRINT

EMD IF

UudL1o=DROGUHDC WLl Uref o 30
QUTRPUT 7aZ; VYA Id Ti1," | READING SPEED AHD TRIGGEFR,

WAIT 1

Kkl1=0

FOR Ii=1 TO Z@&
K1=0
TRIGGER 7
ENTER 7@z
Kk 1=Kk 1+K
NEXT 11
UrcL1>=Kk1-8
UrcL1=DROUNHDCOL LY s Uyt D,
Stp=Step

2z9=2z3+Stp

IF L1=Hn THEM Stp=-Zz3+Stp
PRIHT Li,Zz¢lla Uudl 1y, UrdllD
Dyw=8

DIzz=Stp

SUB XY TRAY 1-23-86

IF UudL1><,1 THEH. Hnr=L1
IF L1<Hn THEM GCOTD 1238

8z
s k1
1

()

3

Headd(l»=Man
Head(2i=Dpa
Head(3>=Dpb
Head 4)=Dpc
Head(Sy=¥Xst
Head(?)>=L=z1
Head(8>=Hn
Head(S)=Fa
Head 10:=Ta
Head<11>=Rho .
Headd(12>»=Ft b
Head(13,=Tt
Head 14>=Pp}
Head(15x=Tp1l
Head(l1é)=Recn
Head{(z4,=Lz2
Head 25>=L=3
Head(3¥r=Urefi

IV'

I\_l

ILc

A
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B Head  21i=Uref

8 FRINT

1 Uref=0ROUHDCUret, 42

3 FRINT "U REF V=", Uref

@ PRINT

@ FRINT “DATA STORAGE STARTED"

@ ASSIGN @Path TO "2C"

@ QUTFUT BFath,RecrniHeado®r , Hudsd Urisd Frlosd J200 Mizcu*d
® FRINT "DATA STORAGE COMPLETED® )

@ GIHIT
8
%]
)
@
5]
5]
(%)
3
5]

GRAPHICS ON
DUMP DEYICE I3 T1é
PLOTTER IS VoS, "HFGL"
18, 28,20

VIEWFORT 18,1
FEAME

CSIZE 4,.49
MOVE 26,79
GCLEAR

OV RN T S ) I NP CRCR S B WY I SN I &

-~
Rt

J¥ OS OU T O W S T W I TR X I Y I VY IO I N I (V)

5 J=0

1429 MOYE 25,89

1439 GCLEAR

1449 WIHDOW ©,1,9,1 4

1458 AXES .18,.18,0,0,2,2,%5
1488 FRAME

147 FOR J=1 TO 1

1439 MOVE 9,0

1429 CLIP COFF

1sga  MOWE .S,-.19S

151@ LAEEL "r-D"

152 MOVE &,-.25 :
1539 LAEREL “"FIG FEDIAL DISTEIBUTIONS OF NMZAHN AATAL WELOSCITY wz=s.den
1538  DEG

1558 LDIR 9@

158 MOYE -.8%,.45

1979  LAEEL "U-le"

—

LIIR 8

MOVE .S5,1.2

LAEBEL "<HW DATA:"
CSIZE 2.5,.9

LORS S

FOrR I=9 TO 1 =TEFR .2
MOVE -.82,1
LABEL USIHG “#,E";1
HEST 1
LOFG 9
FOR I=9 TO 1.9 STEFP .2
MOVE 1,-.85
LABEL WSING "#,K";1
HEXT 1
HEXT J
FOR I=1 T3 Hegadu3o
For=Friclr-Diamster
U=Un{ R
MOYE Ror,U
LAEBEL "o
HEWT 1
FOR I=1 TO Headr2d
Ror=RridlirsDiagstar
U=l
FLOT Ror,U
HEXT 1
DUMF GRAFHICS
IF UudlL13<.1 THEN GOTD 2Sea
I MOYE BY Dxx Duw
DIN C$CEYLE] C.20
DATA " ' EXIT FROG MODE

N R L A N R O X

ENEEN RS BEATEN B TS NS Bt I SO P O SR P A SR LR A AR VIR R B LA B

L I A A O T R R S L DS T (O
e A A R - R - O O - - (VR

.—‘D‘HU—"—‘.‘O—‘.—‘.‘D—‘H’-‘Hh"".—‘.“.—‘“".—‘b—'.—‘b—‘.—bu.—‘b‘uhﬁ.—l

O Qv Q0 0D 00 O O



18¢0
1670
1880
1896
1900
1910
19280
1930
1940
1950
19€0
1970
1980
1990

- 2000

2010
2020
2030
2040
2050
20ce
2070
2080

2090 -

2100
2110
2120
2130
2140
2150
21€0
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360
2378
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510

iy

DATA "I" ! ENTER COMMAND MODE
DATA “R 252" ! STEP RATE

DATA "S 3"! SLOPE

DATA “F 38"! STEP RATE FACTOR
DATA "N @"! NO. OF STEPS
Img$="+,K" | ASK JEFF
Tky=706

Tkz=719

GOSUB 2500

| Unit = 716,724,725 FOR ¥,%,2
FOR I2=1 TO 2

= 1F 12=2 THEN 2010

Unit=71¢6

Sign$="+"

IF ¢(Dyy<®> THEN Signg="-"

IF I2=1 THEN 2©859

Unit=725

Sign‘="+“

IF Dzz<® THEN Signg="-"

! CONTIHNUE

RESTORE 1859

FOR It=1 TO 6

READ C$(I1>

OUTPUT Unit USIHG Img$;"e"
OUTPUT Unit USIHG Img¥;CErIln
NEXT 11

Ss=Dyy

IF 12=2 THEN Sz=0Dzz

Ss51=Ss

GOSUB 2S00 _

IF Unit=?16 THEN MI=VALC(E$)
IF Unit=725 THEHW M1=VAL{(A¥>
Ss2=ABS(Ss1)

Ds=VAL$(S=s2)

PRINT “LIHE 82z";Sz1,D%

1i9 Loop for hp9836 S/2E8-8€
1i9=0

1i9=119+1

IF 1i9=2 THEN D#$="8"

FOR Ii=1 TO S

OUTPUT Unit USIHG Img$;CEcIld
NEXT It

OUTPUT Unit USING Img$;"N “;D$
OUTPUT Unit USING lmg¥;Sign$
OUTPUT Unit USIHG Imgs$;"G"

IF 1i9=1 THEN GOTO 2230
GOSUB 2500

IF Unit=?1€6 THEN M2=YAL(B$)
IF Unit=?25 THEN M2=VAL(A$>
Dm=M2-M1

IF Dm<3 THEN D$="Q"

PRINT "LINE 931 *“;Mi,M2,Dwm,Ss
IF Dm{3 THEN GOTO 822

IF Dm<Ss THEN Sign$="+"

IF Dm<Ss THEN Ss1=Ss-Dm

IF Dm>Ss THEN Sign$="-"

IF Dm>Ss THEN Ss1=Dm-Ss

IF Dm<>S$s THEN 2180

WRIT .S :

NEXT 12

NEXT L1

PRINT

PRINT

STOP

OUTPUT Tky USING Img$j;" Vv 8"! Y-R:IS
ENTER Tky;BS

c.21



25206 QUTPUT

Tkz USIHS Img$s;" "y 9"

2538 ENTER Tkz;R$

2540!PRINT
25590 RETURM
2568 END

"LIHE 1143";E$,R$
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APPENDIX D:

BLUEPRINTS

FIGURES INCLUDED IN APPENDIX D

Humber Title Page
D1 Manifold MA" DimensSionSeeseeecessceesscssccossansssassssDe?
b2 Manifold "B" DinensionSeeecesseccscocssscscsssoscscssseelel
D3 Manifold "C" DimensionSeccececcesecccsccscsccccsansssssssssDed
D4 Orifice Plate DimensionS.ceeececscececcccsccccccscossosnaled
D5 Elbow Nozzle AlterationSeccececececscssscescssoscscssccssseeDebd



suoisuawiq v, PIOjtuew :|g 24nbiy

£-78082)S

e pl-L TS

Qwra SIS POg AL WY (o318 Mag
BTy oo

2.0-«2 QL o

« Y. sSN2A9) Br@NL SS3WNYES

Mvw G240 ¢ OQJN 1l
*GILNMIY OF \ / N
o3 IANSIIUI AN " Prsa S

SLZ Lv BBLYM NI HUIM AL
<OWOL 45U D U VISOUOAN 6 —

HIEN \*

Al

o'l 40 B KOO CHrLVA
Cal v d% O S3on g

eL HidDA' 2 300 T-H i avL
Qoe 2010) N Y WBa dvl.

Qaovds D3 $2u T dAL

d-a

W “_\e .N_ AL\F \ ’ML e
w ——
|g.w 4~ , SPap ni - Sr]|
A [} O S W

. hJ(hnr yz) 110 \1, SANOLLIO SaNVann
saoe riod Qo 2'auva A oood - AU L9 recr)

dAL Gh - ‘w1 MO? 4 VVH .E.,.m

)
Je o



ORIGINAL PACE IS
OF POCR QUALITY

2-98082X18

S——.

ooz (
20-602. <) \
S0a9| W

——

J— - L

"SALONIN o BO4 FUNSSIAY
QI 'D1Sc SLZ AV AILVYN VIS
WA SaQy 4$3) 2UuNuso2a4H

TS STTIeNS
bz DAL P AWVIBUYNW

aloN

Aoyt 53 599 C dAL

d— 4

29 2 oy
R XIPTS w.n.nhu. R alk-I=HEN

Qaaaca )
o= ¢Sl Q) ere

‘diass gmivy ku:m - _
_l

ar FV;.\_W

TTEANNZE W avl (aars

suolsuawtq ,,8, Pl1Oj!IuUeH

Srniant SSTINVIS
W GO0 w QO¥ I —_

'l S0 AFO0' MNIHLIM
QAILVOOM »ue ‘D3
SINOH €'S1 (Uudig

3) O MNAAD gvL—

Saas

oS dAL

/ Wl
A
S«
3 ard-/1 4%
w 4

12Q 24nbi g4

WVITS N
OMACoN
o)
i)
4 .v N - aa
\ L f.../..
Q- 3\._
AN
- oLz
)

R

MYIUL s SANVA

/..42.02_023
L

o

D.3



£-78082MS
T 2)
98 2%
20-2 0L
D, sna9)

suoisuawig 4,d P1OJ!UeW

:¢q 24nb1y

SIS PO 3PAL ITWIZRUVA  lyoaaus Nmog
SNiscon

eN@nk SS3INVIES
v 921 X .D.QwN —

relLnNMNIrY Oz
293 ANSSIBa aon Bisa

SLZ 4v 231v/M Nv312 FiM dAL
<naoL 1SU D Wwisoadan ©

\;»V!nbm ;
c////

g'L 40 @ S00" CNHLIM
qalvoon 9SO SN G
S HLdDA' 2. 300 2y | VL
(@AQis3N0) OzHLWBa avh —

Crovds 89 521 2 4AL

-

p— - . —_ —
hw S3AIS ow
{ \ /t%.oqumi.J_N_O

Qvit vz)

Qo3s 2' daiva QY 999E
"o ritd o 4V .ru?,.m

b2

w3
S22

Koo'k

K HOI1LA0 <Ay
WA D NEy
omli

.
i

OF POOR QUALITY

ORIG .t 3

0.4



3

RS

ke

[ e S
AR

ORiGiNAL
OF PCOR GUALITY

suojsuaw)( 3318 |d-2a213140

8285084 O Li~MD yoF Advrw LSV /I
op-o/- 4 Wdo-0/6098 ¥ [
TIILS SSITVIVLS ‘TLw
a&zy £
SsANY IFd1A0

2

14Q 24nb14

0co*"—

34ty MO
Yid LOVEF NUT
NIVIOED '/
“Xyw 059"/

VI Y

=

ans ady

wdld 55 ~
o¥ aFhs ‘W2 — ’
L

ov97

\\w
grt n.lv. /

—

o701 v10 Y >
sdvL 3¥nSSU

!
2910y 1TV
ZyYT

D.5



SuRIE vy

zo-eoz 'Ol
NOWLYZIBINY MO

UOTIRI2ITY 2T2ZON MOQTH

9-98082)1S

(Nrvors Y BBLY)

-.'-O.ﬂﬁ‘u%lOﬁ-l.'
: PO VINN ADOLS VEWN
Sesva@ (IVIEBLVY

reo@" P ADIDLS l\. _m
. i e — - ® -
.

S vl
MVIB LYW 90 d

1¢q 2and1g
QO v
»Q- -2

20-¢oz ‘o )

MUS SIMvLE

-

. o ‘Ddc_ .ﬂl\:‘f\l\Hﬂl\f. ..v&\(f s J‘JENP‘}

- - S s T

1-98082 S
g

oo Seas
A ot 1213 M IO

COvaan 1)

oo 2 ‘aouwy ‘-ﬂ.gw‘\

SrNend? 37N Jan

a ﬂU(&..m .

.....)JJ(’B aVovid % did

Q-2

= “-l\.
.

4 '
‘\
4
7 Srars|inen] ant.

1
L hafti . 8.-
— T =2k 2
T aNIDNU
ol

\

AT

eI G IO = OOﬂ_

roVL190d POAUL \00

YPOO: (LI TBLYDOY) o

‘48 'OP SPYOH fed
29 ..Pct..o)d...!. v
(30/8 IOINIHL THDQ SVA

oy S RUNFW
L 9% JUNSI IV O

. DI1Sd G LE v B v Yo
e S0 ABE) OUuwis z«-.)w

vin

D. 6




NASN

Natonat Aetonautics and
Space Administration

Report Documentation Page

1.

Report No. 2. Government Accession No. 3. Recipient’'s Catalog No.

NASA CR-180895

. Title and Subtitle 5. Report Date

Turbulent Swirling Jets With Excitation March 1988

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.
Rahmat Taghavi and Saeed Farokhi None
10. Work Unit No.
9. Performing Organization Name and Address 505-62-21

11. Contract or Grant No.
Flight Research Laboratory
The University of Kansas Center for Research, Inc. NCC-3-56

Lawrence, Kansas 66045 13. Type of Report and Period Covered

12

Contractor Report

Sponsoring Agency Name and Addrass "
Interim

National Aeronautics and Space Administration

. 14. Sponsoring A Cod
Lewis Research Center ponsoring Agency “ode

Cleveland, Ohio 44135-3191

15.

Supplementary Notes
Project Manager, Edward J. Rice, Internal Fluid Mechanics Division, NASA Lewis
Research Center.

16.

Abstract

An existing cold-jet facility at NASA Lewis Research Center was modified to produce swirling flows
with controllable initial tangential velocity distribution. Two extreme swirl profiles, i.e., one
with solid-body rotation and the other predominated by a free-vortex distribution, were produced at
identical swirl number of 0.48. Mean centerline velocity decay characteristics of the solid-body
rotation jet flow exhibited classical decay features of a swirling jet with S = 0.48 reported in the
Jiterature. However, the predominantly free-vortex distribution case was on the verge of vortex
breakdown, a phenomenon associated with the rotating flows of significantly higher swirl numbers,
i.e., Scrit > 0.6. This remarkable result leads to the conclusion that the integrated swirl effect,
reflected in the swirl number, is inadequate in describing the mean swirling jet behavior in the near
field. The relative size (i.e., diameter) of the vortex core emerging from the nozzle and the corre
sponding tangential velocity distribution are also controlling factors. Excitability of swirling
jets is also investigated by exciting a flow with a swirl number of 0.35 by plane acoustic waves at

a constant sound pressure level and at various frequencies. It is observed that the cold swirling
jet is excitable by plane waves, and that the instability waves grow about 50 percent less in pec.
r.m.s. amplitude and saturate further upstream compared to corresponding waves in a jet without swirl
having the same axial mass flux. The preferred ‘Strouhal number based on the mass-averaged axial
velocity and nozzle exit diameter for both swirling and nonswirling flows is 0.4.

17.

Key Words (Suggested by Author(s)) 18. Distribution Statement

Swirl, Swirling jet, Turbulent, Unclassified - Unlimited
Instability wave, Jet Subject Category 02

19.

Security Classif. (of this report) 20. Security Classif. (of this page) 21. No of pages 22. Price*®
Unclassified ynclassified 229 AQ7

NASA FORM 1626 OCT 86 *For sale by the National Technical Information Service, Springfield, Virainia 22161

GOVERNMENT PRINTING OFFICE: 1988 - S4B157 / 60431




